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aaacaaatgt
taaataccaa
tcatgtaaat
atagataaaa
tcttttattt
ttttgataat
aaattaaata
ttcaatcaat
aatttatatt
ttcaacaaca
cagcactatg
ttaaaattta
gaaaatgtag
aaaatatttg
aattttcaag
ctactttaat
ttaataaaat
tagttaaatt
tatacattta
taggaataAg
attttagtta
agataactta
tagatatttt
tgaaaaaaag
aaagagataa
attttatatt
cataaaacaa
atttcattta
aagagttata
aaattgctca

atttttgaaa
agaaaaattt
ttgtgtgaag
taaaaatgag
ctcaaaaaat
acagaaaaat
ctcgcttaaa
ttaaaatcag
aaaaatgaat
ttggcaaaaa
tctttggcaa
aaacatctcc
ttgggcaacc
ttcggectttt
tattagagca
cgcagaaact
taacgcaaca
caacaaagtt
ttttagcaac
taatctaacg
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ttcttataaa
ttgatttctyg
atttgttcac
gataaaattc
aaaattaaaa
atagttaatt
tatttaaatt
aaataagaaa
ttgtaatttc
gattaaattt
aaagaaagaqg
tagtgctgaa
ttgttgaatt
aatttgagta
caaatagaaa
ttttttatgt
caaaataggt
gctagtaaat
atatgatttt
ttaaagaaaa
aatgctagaa
agtaaatagt
aatttttcat
aagaaaaagt
tttggcaaaa
acttagaaaa
aaagacttag
ttttaatcat
ttttaacaic
ttcattttag
aagagaactt
ttagaaattt

aatgaaaaaa
ttTaaaatga
Tcacttacaa
tggagtcact
taagcggact
taagcggatt
aatgagtgga
ctctaaatta
gaaaactgaa
aaaaaacaaa
aaaaaataaa
ggatcaaaaa
aaggataacg
agtcgatggc
aatggcctga
tttcccagtg
cgctagtact
gactagagtc
tagaagaaac
atatagctga

cgattgtttt
atgcaaacct
ttcatatata
ttaaattaat
tatttttaaa
ataaatatat
aatttaaaaa
gaatatttaa
taatttaatt

atattaaaga aagaggttgg

gttggtttat
ggctagtttt
ttaccttcga
gataagaatt
ttattttaat
tgtaaaatgt
tctaaaaaat
taaaatgaat
aaaatgataa
agcatctaaa
aatttaagta
tttttttatg
tcacaaaaaa
ttatctagaa
aaaaaaacaa
aattttaaaa
agaaaattta
ttaaatgcta
atgcgtatat
ttaaatttta
aaagaaaaag
ttttggcaaa

aaagacttag
aaaaatgatt
aaaatgagcg
aaaaaaGtta
cgcttaatat
gcgctaaaaa
gccactcaaa
aattagactt
aaatttacaa
aatagtaaac
aataatatca
taaaatatca
ataatgaagc
cgctgagggt
ctgaaatttt
acacttgttg
gttataaatc
gaagagatgc
taatagtaaa
gtactgatct
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atatatctaa
taacaaaaat
tgaaaaaata
ttttttttta
atataaattt
taataagcac
taaattcaaa
aattataatt
agattttcaa

taatattaaa
tttgecttttt
aaatAactta
agatgtttat
ctaataaact
tttaaattag
gagaaaatat
ttaattcatt
aatatttttt
aatggacaaa
aaacatttat
taaaaaacat
cttttttttg
ttaaaaatat
aaatagtaaa
gtgtaaaaaa
taaattaaaa
gtaaatttaa
cattttttat
cattcaaaat
tttatctaga
aaaaaaaaca

agaaaaaaat
taggagaaat
gactcgctca
agtgaactca
tcgcggagtt
atgagtggac
aagttcagca
agtgaaaaat
gggattgaaa
cttccgaact
ggggggtaaa
gctcgatttg
gctaactgag
ctgttgaagqg
catgaaggct
tatcgatatc
ggtgaaatcg
gatagagttt
cgaaacgatg
attacaacgc

Figure 4B
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attattatta
ccaacaaata
atagaatttc
tcagttataa
aatccaatat
tttaagtaaa
aattatataa
ttaataaaat
aataaatgag
tttatttcaa
agcgattttce
gttgttagtt
aaattgagta
attctgctaa
agcaaatagt
ataaaattta
tacatatttt
ttcactttaa
aagaggtaaa
aatgaagtat
aaataaaagt
tttatcaatt
gtaaaataaa
tgattttgaa
aaatcacttt
agacttagag
atgatagaaa
ataaaacata
atgtaaaaaa
aaattttttt
attaaaaata
aaaatagtaa

CTTCCGAACTTTTGCAACTTTTGAGACTTCGTgaaaaaagac

cttaatatta
ttttatttaa
aatactaaat
aaatagtgtt
tactaactaa
agaatatttt
tggctttaaa
gagaacaaac
gttggtttat
tcaaaaatta
gaaggtaaaa
ttatagcett
ataattgggt
tttcactggt
atttaaaaca
caaatttaca
agctatttga
aacacttatt
tttaagaaat
ttcectttttt
aaaatagttt
tcatttattce
gactttataa
aattgctcat
ttttgagagt
aaaaaatcaa
agtaaaattt
tataaaaaaa
cattttatca
tgattaaata
ttgattitga
ac

ttagaaaa

caaaaaAgtga aaaaagactt

tttgagattg
aatatttaag
cttaaaaatg
aaacaaaaat
tcactcaaaa
gagccactta
agcgaaaatg
attttggcag
tttttgactt
aatgcatatt
agcttcagta
cagacgttittt
tttttctgga
gtaaattcac
tatgcagata
cagatgttat
tctcattgtyg
cgggatctat
gtcagttctc

cgcttagatt
tggactcgca
agtggagcca
aagtggactc
atgaagcaga
aaaatttagc
aaaaaaatga
agtctttttt
tgagaaaaat
taagaagggg
agatttcctt
tctectatggce
ttaaggctcg
tgcaaagctt
ttgttacaaa
taacagctag
ccttcgaaga
gtataaagct
gatgaactat
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8401
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8641
8701
8761
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8941
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9061
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9181
9241
9301
9361
9421
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9541
9601
9661
9721
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taatcttttg
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tgaaccaacc

atgcaaatcg gaaaatagceg

tacatatqgct
actgcgaato
accgagctaa
tttattagat
gatcgaggtt
gtattggact
agcctgagaa
taattcaggg
gaaatgagaa
YCAaAQCCAOCag
gtagttgaac
caaactaaaa
ttagagtgtt
taagtccatt
agtatttaat
atttgccaaa
taccgtcgta
gtcggcaccgo
tgaaacttaa
ctcaacacgc
titcttgattc
ttaattccgt
tgtacttctt
ctgtgatgce
tttectgtece
tttggaatto
gattatgtcc
aaccttctgc
aacaaGaagt
aacaaacctt

tgtcttaaat
gctcattaaa
ttgttgggct
attagaccaa
tacctcgata
accatggcag
acggctacta
agccagtgac
cagtgtaaat
taattccage
ttectgttcag
tcqggecttca
ccaggecaggt
ttattggttc
agtcagaggt
gatgttttca
gtcttaacta
tatgagaaat
aggaattgac
ggaaactcac
tttgggtggt
taacgaacga
agaqgggacta
cctagacgto
tgggaaggta
tggatcttga
ctgcegtttg
actgcgacacg
cgtaacaagg
aacttatgta

cacacctagt gtgaataaaa

aaagaaaact
gqcecgatacgceca

tgaagcegte
acgaagtagt
tatgctactc
gctgaactta
tggcgaatga
gtaatctaaa
caaagagggt
tcttt
acacgggaga
agggctaaaa
cgcataagqgo
aaatggtaca
acctgagatc
aagggcgatt
tatcaattaa
gtgccaagcece
gagcttaatt
gaaactctgo
taggggcgaa

titcaacqggtc
atgcgaattc

aaaagcttct
cacattccag
atagaaaaat
agcatatcag
acaqgctaaa
gggtcaacct
gacaacecccg
ttggaattgce
ccgatagcga
gacttgaaac
ggaagtacta
gaacttgcta
gggcagcaat
ttgtcaaaat
gcgagtgata
gcaaqggtagce
gttaggaccc
tggaaqgectco
agactaatcc
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ttttggaaca
agcaaatttt
attaacccat
acagttatacg
aatacatgct
tcgcagcaat
aatcatctaa
tcacgggtaa
caactacggt
aagaaatagc
ctecttagcga
tccaatagcg
gttcattice
ctggttcgac
tttagcececga
ttggatttqgc
gaaatitcttc
ttaatcaaga
taaactatac
caaagtcttt
JdaaCagcac
gagcgcaaga
gatgcatgqgce
gaccttaacc
ttgtgcaata
ctecggeegea
cgggtaatct
acgaggaatt
tacacaccgc
caatgttgcc
tatctgtago
ctttcgaaga
atttttcata
gatatctagg
cagaaccgcce

ctcgttaaac
taatgtgaac
tacatttttc
taa COO0agdC
gectcaaagtc
gaaactaagc
tagtcggaga
agccecctaagt
acaagtactg
cgttgagaac
atcactgcad
caccggtcacg
gcagatcaaa
ggcttctact
of{e n- jaadaas
agcatcaccc
gaaagatggt
tagcgatact
aaccatctac

ctattcaaaa
gaggatagta
gcatgtgcecca
tttatttgat
taaaatitccg
gtgattgaga
gtttctgeccece
cggagaatta
tcggcageadg
aagctgggaa
ggaacaattc
tatattaaag
attcgtcgtc
ttagggagta
atacattagc
taatgattaa
gatttattaa
acgaaagtta
cgactcggga
gqagttctagao
accagaagto
cagagaaqgqgc
cgttcttagt
tgctaactag
agccaatgga
cgcecgegttac
tattaatacc
tctagtaagt
ccgtecgcettc
Jaaaaataac
tgaacctgca
gaacttcggt
tgtctaagat
ttcecegtgac
agtcatcaga

gtgatgggtg
attecgttcag
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aatgagcaag

ctgttggaag

acctggttga tcctgccagt

gttcagtatt
aattaaagat
tgtcctgega
tgaatcaaadg
tatcagectcet
goggttcgatt
ggaagaaaat
acttacgttt
acaat
ttgttgcagt
tgaaactgga
aacattttac
atggaataat
tagggacagt
ggactaacta
ggggatcaaa
tcggctggaa
aatat
gaacctgcgc
attgacagat
II'I --l
tctgecttgta
agtttaaggc
aatgactggc
agtcgtgtta
gcaagtcatce
tagtaacgaa
taaaccctac
gatggatcat
tttcecttegag
ctggataaca
gatgaagaac
tctittgaaco

8581 aggtgtaaaa accttcatgt ttgtttcagt gtggaaagga atcacgcatc

gtcgagcaat
gcatcaaggce

gaacagcgaa
tacatggata
ccggaacgta
taactgatco
cgatgqgtagt
ccggagaagce
tggccaatcc
ctacggcatt
catggtgcca
taaaaagctc
catacgtttc
tgtgaaaaaa
ggaataggac
tgggggecatt
atgcgaaagc
gacgatcaga
taaatgtcca
tacgcaagtc
cttaatttga
tgagagctct
atttgtctgo
aataacaggt
aataacaqqgt
gcaaaaagta
gggatagttce
agcttgegtt
tggtctggto
catttggaac
taacacaatt
gttttattgt
tccaaaacga
gcagcgaaat
Caal t O t ®
ttaatgcgat
cgccgecaga
gaatgctcac

tcactacace tgaaacaagc aagattaccc

aaaagaaact
aaaatctgaa
tcctctecata
gqaaagactac
gggagataaa
cgaaggaaag
gaagctgtac
agtcgataco
aagacaaaat
aggaaaactt
gacccgtcett
accecgtceecge
gecttgagte
gaactacgct
gacgtgcaaa
tagctggttce

Figure 4C

aactaggata
gtggtcaaca
agttcectigc
tgtaagggad
cttcttctaa
atgaaaagaa
aagagcaata
taaaaqgtcg
goggttcagat
caaactggac
gaaacacgga
gaaacgaaag
tcecgegaagqd
tgaatagggt
tcgttegtceca
cctecgaagt

gccccagtaa
caacagaatt
gacaggacgt
atttcaaaga
agctaaatat
ctttgaaaadg
aactggacgc
atgagtaaqqg
tgaaggagtc
ta afa cct
ccaaggagtc
tgagtacaacg
gttecgaggaa
JaagCcCagql
aatttgagtac
ttcetcetcago
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11521
11581
11641
11701
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11821
11881
11941
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12061
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12241
12301
12361
12421
12481

12541 tccttagatt

12601
12661
12721
12781
12841
12901
12961
13021
13081
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atagcaagag
cctaagaact
atgaactctc
iill#i
acaaaaggto
aggagtgtgt
cgtgttgccce
atcgttgcecect
ggtagtagca
aacagcaatt
gaagacattc
gqtataggcqgo
ttttectttttL
atggcagagc
agddadacCa
cagcctctgo
cataa
tttgttagtg
gqgccgtecttt
gtttaataaa
cccagtgcectce
aactatgact
ctggtagcta
COOdaaadd
tgqcaaagqgqgt
tcaacagatc
gtattcttct
tgcaacactqg
gtactcgtaa
tgagattacc
gaataatcac
gacacatoaqac
agtcattttc
atttattgac
ctgttaaacc
gaacaaaaqq
cgtggcctat
acagggataa
qatgtcocgqgcect
gctaatagqo
gatgaaacga
attggtaaat
actgaagqgcc
gaaaaaaaat
taactgctaa
aacta

aagaaatttt
ttecttttte
ttatgaactc
aagatgcaaa
ctitccatacc
ccgcecggaatt
ataaatcaat

ttgtgtttaa
tgectttttac
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caagtacgca
tcgacctatt
Jqggaagaacc
atgaacctaa
ttggttcata
aacaactcac
atactcaacc
agaagtattg
aatattcaaa
gttcatgqgt
gttticgttc
taacgcaaag
aacatactat
agctcacccet
taatttcacg
tccatagaac
attggctceto
tggcaacato
atacaattaa
aacaaagecat
tgaatgtcaa
citctaaatac
gtctttaaac
ggtcaacagc
atggtaataa
ttctgttgat
cataagatat
gagcocgoetgc
ggtagccaaa
actgtcccta
Caagodaaada
gtatagccta
cttatttcgt
tgattttgcg
ataacgcagc
gtaaaagcta
cgatccttta
ctggcecttgtc
cttcctatca
aacgtgaqgcet
tgttgcgaca
acggttgtct
tctaagtcac
aaaaattaac
tcgtattcca
ttgtaagcat
tatctcatcet
ttatgttttg
cactcactgqg
attaaaacaa
gecagctatga
taccagttct
ctcatgtttg
attaaaaatg
gectgatataa
gcagaatgag
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gttttattac
ctcaaacttt
cagtgctctt
cgttgagata
cggacagcac
ctgccgaatce
atcagagcaa
gqegtgagect
tgagaacttt
tactcgatcce
tcaaaaggga
aaacccggaa
ggccatgaaa
aagagctgtce
ccagttcgta
aatgtagata
a0 atct
ctgatagact
cgatcaactc
tgtgacggcce
agtgacgcaa
caatatttac
caatagattc
cgttcagtac
getgacggac
atggatgcac
agtcggacct
gaactaattt
tgcctegtca
tctactatct
agaccctgtt
yatgagacac
gaagaaaaga
aagacatggt
cgtcctaagt
cattgatttt
actttacaac
gcagecaaga
ttgtgaagca
gogcttagac
gtaatttaac
gaaaagacaa
aatccatqgcet
ttcgaaaggt
aattatcatc
gagagtagaa
cecectttattt
atttgtttaa
gttattaaat
aacaaaacaa
ggcaattttt
ccgcetgecag
acagcttatc
ttaaagtttt
gtctttatgce
cttagctaaa

gtaaagcgaa
aaattggtaa
gagttgggcc
aggcgcccaa
i!!! Ct
aactagccct
atgcgaggct
atatggagca
gaagaccgaa
taagacatag
atgaggttaa
acgtcagcag
ttggattatc
agttgcgecge
cccataacce
aaatc
ataaaqggctt
tqcgaacgat
agaactgaac
tcaacaggto
ttcaaccaaqg
Cttta
catcggttta
caagtctcac
atggtcctaa
ttcacagact
ctececttaatce
gtatgcgaaa
tctaattagt
agcgaaccca
gagcttgact
caatcgatcce
ctggtgcaaa
iiiiili
gtagctcagt
gattttcagt
ttttaagcta
gttcatatcce
gaattcacaa
cgtcegtgaga
ttagtacgag
tgccgtgaad
ggaaagcaat
aagoecaaadaqa
tacgtaaatc
tttctacgat
tttacttctg
tttaattttg
acttagagat
agttaaaaaa
ctcatttgga
caatggcaac
atcgatcaat
atgttatttg
atgatatgtt
ttttttctca

Figure 4D
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tgattgaago
gagccecgegga
atttttggta
atgcacgctc
atggaagtta
gaaaatgaat
ttgatgagta
gcegattagtc
ll TalaaQl
gttaactcect
tattcectcaa
gtgtcactgg
cagagatatc
ctgatgaccc
catcaggtct
gcaaattgga
tgtaatgata
gaatttgcaa
CgacCaaadd
atgacacaat
cgcgggtaaa
aaaagttatc
aaaggcaaga
gggaaacttt
ccacgcagec
aaatgtcggt
® aCtaC
gtatattgat
gacgegcato
cagctaaggg
ctagtctaac
tgtaaaacca
ccagttctaa
gtttgtctgo
gagaacggaa
aggaatacaa
of-%e -l tca
acgttgcttt
caatgtocgqga
caggttagtt
aggaacactt
ctaccatctc
gtctaagtgt
agagcgaaaa
ttttgtagac
ctgctgagat
ctggggttgt
tttaacttta
tttacatttt
aactcaatag
aagcttaagce
aacgttgccce
caactgctta
ttagtaaaaa
aaaagttacg
aagtaaattt

actcgggagt
gtttacttaa
agcagaacto
atcagatacc
gJaatccgeta
ggcgctgaac
aoaagqaacate
agatcttggt
gttccatgag
tgcaatacaa
ct act
aagagttatc
goctgtatgt
ttgaaaatct
ccaaggttac
tcecgtaactt
tccaagetto
gotaqggtttce
taatccgact
gtgatttctg
O lllll
aggcatgecac
ccgtcaaatt
gagatggcct
aagtcctaag
Caaat
gatgaagtga
tagttttgga
aatggattaa
aacgggctta
tttgtgaaat
ctacccacgt
gattaaggtc
ggcggaatgc
atctcacgta
accgcgaaag
aaaagttacc
ttgatcectte
ttgttcaccc
ttaccctact
aaatcagata
ttggattato
gatgataaac
agcttgacct
gacttaacat
tcagceceegtce
taacctettt
gtaaattttt
atcaaataat
atttgctaat
ttctagagat
ggatccgcgg
taaataaatt
aattgaatag
cttaaaatta
tttttaatgc
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13501
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13621
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13741
13801
13861
13921
13981
14041
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1416l
14221
14281
14341
14401
14461
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aaaatgaatg
atcaatttat
ttattaacaa
aaattgcgaa
ttataaaatg
caaaattttt
agacctatat
ctttgtattt
taagtcctgc
tgaatgaaaa
aatatttttt
ttcaagaaaa
tttgctaaag
tagattttaa
ttaagtggaa
gttTatctct
aacgcggaaqg
ttttatttat
acttataaaa
agaacttcaa
ttcatatata
ataaataacc
attattgggg
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aaaaaatttt
tttttttigt
tgccactttt
agtggatttg
aatgaaaatt
cattcaaaat
tgttttccta
taacaaaatt
ctgcaggcta
aatctttgta
ttgggaccaa
ccactttatt
tggatttgaa
ctttatccceca
attgatgcaa
ataatttatg
cttcattttt
tgatctttta
atttatgaaa
tctttgacta
aactattcaa
aaaaatcaaa

(SEQ ID NO:

agtattttat
gactaaagca
atagaaaatt
aatgaaaaag
taaaacaagc
ttcacccact
aaagttgact
tttcattcaa
atattctttc
ttttaaccaa
accaaaagac
agataaatct
taaaaatttt
ctttaatttce
aaatttcact

agatttgcat
agataaaatt
taacaaaaaa
actacaaaaa
gcttagtcat
aatattatag

gtattacatc
1)
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aaaaattctt
gtcccagage
ttgcatggat
tgaatgtaaa
aaaatgaatg
tatcaatact
tttattaaga
aatttcaccce
ctaaaagttg
atttttcatt
ctaaagattt
cttttttace
tttgcgtgta
aagcgtaaaa
aaaatttaat
tatttaaggc
tattaatcat
ccectitctaaa
ataaaatttt
ttttgagatt
aatttaaaca
aataaataac

Figure 4E
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cattcaaatt
cttitctctaa
ttcctggggce
aattaaagta
aaaaaatctt
tttttttctc
aacaaaatga
acttatcaat
acttttatta
caaaatttca
gatttaaaaa
alggcttgtc
aaaatgcgct
ataaaaatcc
tcaataaata
ttataagaaa
cattaatttc
agtttatttt
taattaaaat
taattaatat
ttttaacatc
ttttactcaa

ttacccactt
aagttgaatt
tccaatggaa
aaattttgct
tgcattttaa
cagccgtcaa
atgaaaaaat
atattttttt
agaagcaaaa
cccacttatce
gttgactttt
caatgaataa
aaactacgct
cacacaaaaa
tgtaaaaatg
ttttaaattt
ttgaaaaaca
tgaatgaaaa
aattttgata
tttatgttta
ttaatcattg
tgtcaaagaa

italics primers around the MCS for testing gene insertion - pD5S5H8F and
pD5H8 reverse
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POLYPEPTIDE EXPRESSION IN CILIATES

This application 1s a Continuation of International Patent
Application No. PCT/US2010/28168 filed Mar. 22, 2010,
which claims priority to U.S. Provisional Patent Application
Ser. No. 61/162,138, filed on Mar. 20, 2009, and U.S. Provi-

sional Patent Application Ser. No. 61/162,142, filed on Mar.
20, 2009, each of which 1s herein incorporated by reference 1in

its entirety.

SEQUENCE LISTING

The 1nstant application contains a Sequence Listing which
has been submitted via EFS-Web and 1s hereby incorporated
by reference 1n 1ts entirety. Said ASCII copy, created on Jul.

15, 2013, 1s named 2202970.133US2_SL.txt and 1s 23,485
bytes 1n size.

FIELD OF THE INVENTION

The mvention relates to recombinant polypeptide produc-
tion and, 1n particular, methods and compositions for the
production of recombinant polypeptides 1n ciliates.

BACKGROUND OF THE INVENTION

The production of polypeptides derived from natural
sources can be limited by the expense of purification or suffer
from limaits on availability of starting materials. Heterologous
polypeptide production 1s an alternative to the recovery of
polypeptides from natural sources and can be used for the
production of polypeptides 1n economically relevant amounts
that are suitable for a variety of applications. Exemplary
polypeptides suitable for production 1n heterologous expres-
s1on systems 1nclude, but are not limited to, antibodies, hor-
mones, cytokines, interleukins, enzymes, blood factors, pes-
ticides and vaccines. Production of genetically engineered
vaccine antigens, therapeutic polypeptides, industrial
enzymes, biopolymers, and bioremediation agents constitute
a multibillion dollar-per-year industry.

Current in vivo platforms for the production of recombi-
nant polypeptides are limited to a relatively small number of
cell-based systems that employ bacteria, fungi, insect and
mammalian cells. Although bacteria can offer high yield and
low-cost alternatives for production of mammalian polypep-
tides, cell culture systems based on higher organisms (e.g.,
insect or mammalian cells) generally provide polypeptides
having greater fidelity to the natural polypeptides 1n terms of
polypeptide folding and/or post-translational processing
(e.g., glycosylation). Whole transgenic plants and animals
have also been harnessed for the production of recombinant
polypeptides, but the long development time from gene to
final product can be a major drawback with these multicellu-
lar organisms, purification of the recombinant polypeptides
can be difficult, and yield may be low.

Recombinant gene expression in microbial systems gener-
ally relies on one of two methods for expression construct
maintenance 1n the host cell: episomal or mtegrative-based
expression. Episomal expression vectors can contain the
genetic elements required for recombinant gene expression
(1.e., promoters, terminators, etc.) and can be maintained as
independent genetic elements, usually based on a dominant
drug selection system, or with a recessive auxotrophic selec-
tion system. Removal of the selection system oiten results in
loss of the transgenic expression element as cell culture rou-
tinely confers a competitive growth advantage to cells that
have lost recombinant DNA constructs. Integrative expres-
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sion vectors can be more genetically stable than episomal
expression vectors since they are generally maintained at

specific loct mm a host cell’s chromosomes. This latter
approach, however, can suffer from limited copy numbers of
the transgenes compared to episomal strategies.

Recombinant gene expression in ciliated protists 1s facili-
tated via a variety of available expression vectors encompass-
ing all the machinery required for transgene expression.
These vectors can be incorporated as either episomal or 1nte-
grative genetic elements. For example, traditional methods
for the production of transgene-encoded polypeptides 1n cili-
ates such as Tetrahymenahave been based on incorporation of
expression cassettes into somatic loc1 on the macronuclear
chromosomes. Although some recombinant gene expression
methods employed 1n Tetrahymena take advantage of the
high-level amplification of ribosomal DNA copy number that
occurs following sexual conjugation, current methods can
result in the formation of a recombinant palindrome over
several generations of propagation. This can result 1n loss of
the transgene and, consequently, 1 loss of expression of any
polypeptides encoded by the transgene.

Increasing yield and maintaiming genetic stability 1s impor-
tant 1n expression system for many reasons including, but not
limited to, reduced production costs. Thus, there 1s a need for
improved methods for recombinant polypeptide production
in ciliates. This invention addresses this need.

SUMMARY OF THE INVENTION

In one aspect, the invention realtes to a nucleic acid con-
struct comprising: (a) a selection cassette encoding a resis-
tance marker, (b) a transgene cassette encoding a recombinant
polypeptide, and (¢) a(C3 allelerDNA locus comprisinga 175
rDINA gene that does not confer paromomycin resistance to a
ciliate transformed with the nucleic acid construct.

In some embodiments, the construct 1s a linear DNA or
RNA. In other embodiments, the construct 1s a circular DNA
or RNA.

In some embodiments, the selection cassette does not con-
fer paromomycin resistance to a ciliate transformed with the

nucleic acid construct.

In some embodiments, the 17S rDNA gene1s a B allele 175
rRINA.

In some embodiments, the construct 1s a vector, a plasmad,
a cosmid, a chromosome or minichromosome, a transposon,
an rDNA or any combination thereof.

In some embodiments, the vector 1s an rDNA vector. In
certain embodiments, the vector 1s an rDNA rescue vector.

In another aspect, the mvention relates to a method for
producing a recombinant polypeptide 1n a ciliate, the method
comprising: (a) transforming the ciliate with an rDNA vector
as described herein, (b) culturing the ciliate and expressing
the recombinant polypeptide; and (¢) 1solating the recombi-
nant polypeptide.

In another aspect, the invention relates to a genetically
modified ciliate having a micronuclear genotype having a
micronuclear rDNA locus comprising one or more non-func-
tional rDNA genes. In some embodiments, the non-func-
tional micronuclear rDNA locus of the genetically modified
ciliate comprises a modification of the nucleotide sequence of
the micronuclear rDNA locus. In some embodiments, the
modification of the micronuclear rDNA locus results in the
formation of a non-functional rDNA chromosome after
sexual conjugation of the ciliate. In some embodiments, the
genetically modified ciliate has a conditionally conjugation-
lethal phenotype. In certain embodiments, the rDNA gene 1s

selected from the group consisting of the 5.8S, 175 or 26S
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genes. In some embodiments, the modification 1s selected
from the group consisting of a deletion, an 1nsertion, a sub-

stitution or an 1version.

In another aspect, the invention relates to a method for
producing a recombinant polypeptide 1n a ciliate, the method
comprising: (a) causing the genetically modified ciliate to
undergo sexual reproduction by conjugation; (b) transform-
ing a genetically modified ciliate having a conditionally con-
jugation-lethal phenotype as described herein, with an rDNA
rescue vector comprising a transgene cassette encoding the
recombinant polypeptide; (¢) culturing the genetically modi-
fied ciliate to produce the recombinant polypeptide; and (d)
1solating the recombinant polypeptide.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1. Vanable rDNA molecules in transformed cells.
Recombinant rDNA chromosomes of transgenic Tetrahy-
mena thermophila strains are unstable over time. Genomic
DNA was 1solated from wild-type (CU428) and four inde-
pendent rDNA transgenic clones (2, 3, 4 and 5) less than two
weeks and again after more than 10 weeks following initial
selection. During the intervening time, strains were passaged
into fresh media. Equivalent amounts of nucleic acid were
resolved by agarose gel electrophoresis and rDNA chromo-
somes visualized by ethidium bromide staining. Three forms
of rDNA chromosome were detected: wild-type rDNA (bot-
tom arrow ), hybrid rDNA (middle arrow) and fully transgenic
rDNA (top arrow). Over time, transgenic clones 2, 3 and 5 all
show a shift from abundant fully transgenic rDNA species to
only wild-type rDNA (Clones 2 and 5) or a mixture of wild-
type, hybrid and fully transgenic (Clone 3). Clone 4 shifts
from a mixture of hybrid and fully transgenic rDNA to fully
transgenic rDNA.

FI1G. 2. FIG. 2 A shows the basic format of the micronuclear
(mic) rDNA region. The 5' region includes the origin of rep-
lication and the 3' Non-Transcribed Spacer (NTS). Arrow
indicates the location of the start of transcription of the rDNA
genes. Hatched line indicates the region containing the rDNA
genes. The 3' region downstream of the rDNA genes includes
the 3' NTS. The chromosome breakage sequences (CBS)
which direct the excision of the micronuclear rDNA region
during the formation of a new macronucleus are indicated. In
several rDNA transformation wvectors, a small MCS 1s
inserted near the start of the 3' NTS. Not to scale. FIG. 2B
shows the general organization of a mic rDNA Knockout
vector. A fTunctionally independent selection cassette 1s
inserted into a copy of the micronuclear version of the rDNA,
replacing much of the central region (1in the example shown,
all of the rDNA sequence between bases 1696 and 8894 has
been removed). The remaiming 3' and 3' regions of the micro-
nuclear rDNA, as well adjacent sequence containing the CBS
regions, can act as targeting sequences for homologous
recombination following transformation. The construct 1s
cloned and maintained in a suitable plasmid vector. Not to
scale. FIG. 2C shows chromosomal organization of the
micronuclear rDNA region following successiul transforma-
tion with the mic Knockout construct. Following homologous
double recombination between the vector and the micro-
nuclear chromosome carrying the rDNA genes, the selection
cassette 1s 1nserted into the micronuclear chromosome,
replacing much of the central region (1n the example shown
all of the rDNA sequence between bases 1696 and 8894 ) and
inactivating the micronuclear rDNA genes. The rest of the
mic chromosome 1s unaifected. Not to scale. FIG. 2D shows
a general macronuclear rDNA transformation vector. The
macronuclear transformation vector contains a complete ver-
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sion of the C3 rDNA, including 3' and 5' CBS regions that
direct correct processing of the cassette into an rDNA palin-
drome during macronuclear development. A cassette contain-
ing the gene(s) of interest and an 1ndependent selection cas-
sette can be inserted into a multiple cloning site (MCS) 1n the
3' NTS. The construct 1s cloned and maintained 1n a suitable
plasmid vector. Not to scale. FIG. 2E shows processing of the
micronuclear rDNA region transformed with the mic Knock-
out construct during macronuclear development. The modi-
fied micronuclear version of the rDNA 1s processed into a
separate palindromic chromosome as shown. FIG. 2F shows
processing of the macronuclear rDNA transformation vector
during macronuclear development. The vector rDNA 1s pro-
cessed 1nto a separate palindromic chromosome during
macronuclear formation as shown. FIG. 2G. Recombination
can occur between micronuclear-derived rDNA region and
vector-derived rDNA. An example of recombination leading
to transgene loss. Recombination resulting 1n the loss of the
transgene carried in the mac transformation vector can occur
at various stages during macronuclear development and sub-
sequent cell growth. Recombination 1s possible between the
unprocessed versions prior to palindromic formation during
macronuclear development, or between the two palindromic
torms following processing of the rDNA region. Loss of the
transgene by recombination 1s possible at any point following
successiul mac transformation until the micronuclear version
1s completely lost from the cell. In this example one arm of
cach of the mic-derived and vector-derived palindromic chro-
mosome 1s shown. Recombination in the region between the
mic selection cassette and the transgene located in the mul-
tiple cloning site (MCS) can lead to loss of the transgene
when the non-functional mic-derived palindrome 1s lost from
the cell. Both copies of the transgene 1n the vector-derived
palindrome can potentially be lost following intramolecular
recombination. F1G. 2H shows an example of a mic Knockout
vector designed to prevent recombinational loss of the trans-
gene. The micronuclear Knockout construct must be engi-
neered to prevent recombinational loss. One example of a
micronuclear Knockout vector designed to prevent loss of the
transgene following recombination 1s presented. As 1n FIG.
2@, one arm of each of the mic-derived and vector-derived
palindromic chromosome 1s shown. Recombination between
the two forms downstream of the mic selection cassette, lead-
ing to association of the transgene with a non-functional
mic-derived palindrome, 1s prohibited. Recombination in the
5! region will not result 1n loss of the transgene region.

FI1G. 3. The Tetrahymena rDNA locus and the formation of
a palindromic minichromosome upon conjugation. The C3
allele 1s shown. Upon 1itiation of sexual reproduction, the
micronuclear rDNA locus 1s removed from the micronuclear
germline upon chromosome breakage and undergoes rear-
rangement mnto 21 kb head-to-head palindrome bounded by
Non-Transcribed Spacers (NTS).

FIG. 4. Sequence of the pD3HS vector (SEQ ID NO: 1)
(14,513 bp). The rDNA gene sequences are located between
positions 200-10683 1n the sequence as shown. The 3' rDNA
flanking sequence 1s shown at positions 10684 to 10815. The
3"and 5' 15 base pair CBS regions are shown between nucle-
otides 10704 to 10718 and nucleotides 39 to 53, respectively.
The pIC19 vector 1s shown at between nucleotides 11235-
13560. The 17S rDNA 1s located between positions 2784-
4536. The capital A at position 4490 1s a mutation 1n 17s
conferring Pm resistance. The 5.8S rDNA 1s located between
positions 4665-4825. The 26S rDNA 1s located between posi-
tions 5041-8763. The Notl site at position 9108 1s a unique
restriction enzyme site contained in a short multi-cloning site
(derived from pHSS6) 1n the 3' non-translated sequence of the
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26S rDNA locus. Bases corresponding to known differences
in the C3 rDNA polymorph (as found in pD3HS) and the B

rDNA polymorph (as found 1n host cells) include an adenine
substitution at position 269, an adenine substitution at posi-
tion 783, an adenine substitution at position 1213, a 42 base
pair msertion at position 1428, an adenine insertion after
position 1524, a thymine substitution at position 1551, a
thymine substitution at position 1609, a thymine substitution
at position 10049, and a thymine substitution at position
10251. Of these, the most significant 1s the 42 base pair
isertion at position 1428, and 1s related to the replicative
advantage of C3 rDNA polymorphs over B rDNA polymor-
phs.

FIG. 5. pD3HS8 Vector. Shown 1s the position of forward
and reverse primers used to amplily the knockout fragment.
Also shown are the positions of the rDNA 1785, 5.8S and 26S
genes. CBS, chromosome breakage sites; MCS, multiple
cloning site.

FIG. 6. rDNA knockout (KO) vector. Shown 1s the place-
ment of the Neomycin resistance cassette (Neo insert) and the
relative positions of forward and reverse diagnostic primer
annealing sites.

FIG. 7. Alignment of pD5SH8 and pTRAS vector 17S rDNA
gene. An alignment of pTRAS and pD3HS highlights the
A4490G mutation that confers paromomycin resistance to
pD3SHS8 (A4490) and paromomycin sensitivity to pTRAS
(G4490).

FIG. 8. pTRAS vector. Highlighted are the Spel, BseRI
restriction sites used in construction of pTRAS and the Notl
restriction site used for introduction of transgene expression
cassettes. Note, numbering for restriction enzymes reflects
position of site 1n the vector. CBS, chromosome breakage
sites; MCS, multiple cloning site; A4490G (rDNA gene num-
bering), position of reverted 17S rDNA mutation.

FIG. 9. pTIEV4 vector. Neo,, neomycin resistance gene
marker.

DETAILED DESCRIPTION OF THE INVENTION

All publications, patent applications, patents, and other
references mentioned herein are hereby incorporated by ref-
erence 1n their entirety. The patent, scientific and technical
literature referred to herein establish knowledge that was
available to those skilled 1n the art at the time of filing. The
entire disclosures of the 1ssued U.S. patents, published and
pending patent applications, and other publications that are
cited herein are hereby incorporated by reference to the same
extent as 1f each was specifically and individually indicated to
be incorporated by reference. In the case of any inconsisten-
cies, the present disclosure will prevail.

DEFINITIONS

All scientific and technical terms used herein, unless oth-
erwise defined below, are intended to have the same meaning
as commonly understood by one of ordinary skill in the art.
References to techniques employed herein are intended to
refer to the techniques as commonly understood in the art,
including variations on those techniques or substitutions of
equivalent or later-developed techniques which would be
apparent to one of skill in the art. In addition, 1n order to more
clearly and concisely describe the subject matter which 1s the
invention, the following definitions are provided for certain
terms which are used in the specification and appended
claims.

As used herein, the term “ciliate” means a eukaryote
belonging to the kingdom, Chromalveolata, the superphy-
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lum, Alveolata, and the phylum, Ciliophora. Ciliates, as used
herein, are complex protozoa characterized by the presence of
cilia on their cell surfaces and dimorphic nucler consisting of
a macronucleus and one or more micronucle.

As used herein, “Tetrahymena spp.” refers to ciliate proto-
zoa 1n the family of Tetrahymenidae. Exemplary Tetrahy-
mena spp. include but are not limited to, the species 1. Ther-
mophila and 1. pyriformis.

A used herein, the term “rDNA locus” refers to a ciliate
gene encoding one or more copies of a 5.8S rRNA, 17S rRNA
or 265 rRINA that 1s capable of being processed into a min-
ichromosome upon conjugative replication. As used herein,
the term rDNA locus can refer to a nucleotide sequence
encoding any variant, 1soform, homolog or mutant rDNA
known 1n the art, for example, naturally occurring polymor-
phisms between B and C3 rDNA. As used herein, an rDNA
locus can be comprised within any nucleotide sequence,
including, but not limited to a micronuclear genome or an
artificial nucleic acid construct (e.g., an rDNA vector).

As used herein, the term “non-functional rDNA gene”
refers to an rDNA gene that does not produce a suificient
amount of the encoded rRNA or to an rDNA gene that is
mutated and/or modified such that the encoded rRNA 1s not
capable of performing the normal biological activity of the
corresponding wild-type rRNA gene, thereby resulting 1n a
ciliate with a conditionally conjugation-lethal phenotype.

As used herein, the term ‘“non-functional micronuclear
rDNA locus” refers to an rDNA locus, having one or more
non-functional rDNA genes.

As used herein, the term “‘conditionally conjugation-le-
thal” refers to a phenotype wherein sexual conjugation by the
ciliate (e.g., Tetrahymena spp.) results 1n lethality. A condi-
tion of conjugation-lethality can arise from, but 1s not limited
to, genetic modifications of the micronuclear genome (e.g.,
deletion of one or more rDNA encoding genes 1n the micro-
nuclear rDNA locus).

As used herein, the term “recombinant” means, with
respect to two or more genetic or polypeptide sequences, that
the sequences do not occur in the same physical relation to
cach other 1n nature and/or do not naturally occur within the
same genome or polypeptide. For example, a genetic con-
struct may include a coding sequence which 1s operably
joined to one or more regulatory sequences, or to one or more
other coding sequences, and these sequences are considered
heterologous to each other 11 they are not operably joined 1n
nature and/or they are not found in the same relation 1 a
genome 1n nature. Similarly, a polypeptide may include a first
polypeptide sequence which 1s joined by a standard peptide
bond to a second polypeptide sequence, and these sequences
are considered heterologous to each other i1f they are not
found 1n the same relation 1n any polypeptide or proteome 1n
nature.

As used herein, the term “nucleotide sequence” means any
molecule comprising a sequence ol covalently joined nucleo-
side-like chemical units which has selective binding affinity
for a naturally-occurring nucleic acid of complementary or
substantially complementary sequence under appropriate
conditions (e.g., pH, temperature, solvent, 1onic strength,
clectric field strength). Nucleotide sequences include natu-
rally-occurring nucleic acids as well as nucleic acid ana-

logues with modified nucleosides or internucleoside link-
ages, and molecules which have been modified with linkers or
detectable labels which facilitate immobilization on a sub-
strate or which facilitate detection.
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As used herein, the term “promoter” means a nucleotide
sequence which 1s capable of binding RNA polymerase and
iitiating transcription of a downstream or 3' coding
sequence.

Asused herein, the term “reporter gene” means any genetic
sequence which, when expressed, has a biochemaical or phe-
notypic effect which 1s detectable.

As used herein, the term “selectable marker” means any
genetic sequence which, when expressed, has a biochemical
or phenotypic eflect which 1s dominant and selectable by the
presence or absence of a selection agent. Selectable marker
genes that confer resistance or tolerance to a normally toxic
selection agent cause only successtully transiected cells to
survive 1n the presence of the selection agent and are referred
to as positive selectable markers. Examples of positive select-
able marker genes and their corresponding selection agents
are: aminoglycoside phosphotransierase (APH) and G418;
dihydrofolate reductase (DHFR) and methotrexate (Mitx);
hygromycin-B-phosphotransierase (HPH) and hygromycin-
B; xanthine-guanine phosphoribosyltransierase (XGPRT)
and mycophenolic acid; and adenosine deaminase (ADA) and
9-p-D-xylofuranosyl adenine (Xyl-A). In another example of
a positive selectable marker system, thymidine kinase (TK)
and aminopterin (included, e.g., in hypoxanthine-aminop-
terin-thymidine (HAT) medium) can be used 1n cells that are
iitially thymidine kinase deficient (tk™). The aminopterin
will normally kill tk™ cells and, therefore, only successiul TK
transiectants will survive. Another positive selectable marker
system 1s AmpR and ampicillin. Selectable marker genes that
confer sensitivity or susceptibility to a normally non-toxic
selection agent cause only successfully transfected cells to
die 1n the presence of the selection agent are referred to as
negative selectable markers. Examples of negative selectable
marker genes and their corresponding selection agents
include: thymidine kinase (1K) and gancyclovir. Phenotypic
selectable marker genes permit selection based upon morpho-
logical or biochemical traits rather than cell death or survival.
In some cases, the phenotypic marker 1s detectable only 1n the
presence of an additional selection agent. An example of a
phenotypic selectable marker gene and 1ts additional selec-
tion agent 1s [3-galactosidase (lacZ) and X-gal.

As used herein with respect to polypeptide preparations,
the term “‘substantially pure” means a preparation which con-
tains at least 60% (by dry weight) the polypeptide of interest,
exclusive of the weight of other intentionally included com-
pounds. In some embodiments, the preparation 1s at least
715%, at least 90%, or at least 99%, by dry weight the polypep-
tide of interest, exclusive of the weight of other intentionally
included compounds. Purity can be measured by any appro-
priate method, e.g., column chromatography, gel electro-
phoresis, or HPLC analysis. If a preparation intentionally
includes two or more different polypeptides of the invention,
a “substantially pure” preparation means a preparation in
which the total dry weight of the polypeptides of the invention
1s at least 60% of the total dry weight, exclusive of the weight
of other intentionally 1included compounds. For such prepa-
rations containing two or more polypeptides of the invention,
the total weight of the polypeptides of the invention can be at
least 75%, at least 90%, or at least 99%, of the total dry weight
of the preparation, exclusive of the weight of other intention-
ally included compounds. Thus, 1f the polypeptides of the
invention are mixed with one or more other polypeptides
(e.g., serum albumin) or compounds (e.g., diluents, deter-
gents, excipients, salts, polysaccharides, sugars, lipids) for
purposes of administration, stability, storage, and the like, the
weight of such other polypeptides or compounds 1s ignored in
the calculation of the purity of the preparation.
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As used herein, the term “transform” means to introduce
into a cell an exogenous nucleic acid or nucleic acid analog
which replicates within that cell, that encodes a polypeptide
sequence which 1s expressed in that cell (with or without
integration 1nto the genome of the cell), and/or that 1s 1nte-
grated into the genome of that cell so as to atffect the expres-
sion of a genetic locus within the genome. The term “trans-
form™ 1s used to embrace all of the various methods of
introducing such nucleic acids or nucleic acid analogs,
including, but not limited to the methods referred to 1n the art
as transiormation, transiection, transduction, or gene trans-
fer, and including techniques such as microinjection, DEAE-
dextran-mediated endocytosis, calcium phosphate coprecipi-
tation, electroporation, liposome-mediated transfection,
ballistic 1njection, viral-mediated transiection, and the like.

As used herein, the term “vector” means any genetic con-
struct, such as a plasmid, phage, transposon, cosmid, chro-
mosome, virus, virion, etc., that i1s capable transierring
nucleic acids between cells. Vectors may be capable of one or
more of replication, expression, and nsertion or itegration,
but need not possess each of these capabailities. Thus, the term
includes cloning, expression, homologous recombination,
and knock-out vectors.

As used herein, the terms “increase’ and “decrease” mean,
respectively, to cause an increase or decrease of atleast 5%, as
determined by a method and sample size that achieves statis-
tically sigmificance (i.e., p<0.1).

As used herein, the term “statistically significant” means
having a probability of less than 10% under the relevant null
hypothesis (i.e., p<<0.1).

As used herein, the recitation of a numerical range for a
variable 1s intended to convey that the invention may be
practiced with the variable equal to any of the values within
that range. Thus, for a variable which 1s inherently discrete,
the variable can be equal to any integer value within the
numerical range, including the end-points of the range. Simi-
larly, for a variable which 1s inherently continuous, the vari-
able can be equal to any real value within the numerical range,
including the end-points of the range. As an example, and
without limitation, a variable which 1s described as having
values between 0 and 2 can take the values 0, 1 or 2 1f the
variable 1s inherently discrete, and can take the values 0.0,
0.1,0.01,0.001,...,0.9,0.99,0.999, or any other real values
=0 and =2, 1f the varniable 1s inherently continuous.

The term “about” 1s used herein to mean approximately, 1n
the region of, roughly, or around. When the term “about”™ 1s
used 1n conjunction with a numerical range, 1t modifies that
range by extending the boundaries above and below the
numerical values set forth. The term “about™ 1s used herein to
modily a numerical value above and below the stated value by
a variance of 20%.

As used herein, unless specifically indicated otherwise, the
word “or” 1s used in the inclusive sense of “and/or” and not
the exclusive sense of “either/or.”

As used herein and in the appended claims, the use of
singular forms of words, and the use of the singular articles
“a,” “an” and “the,” are intended to include and not exclude
the use of a plurality of the referenced term unless the content
clearly dictates otherwise.

In general, the compositions, genetically modified ciliates
and methods described herein are useful for the production of
one or more polypeptides of interest. Existing ciliate-based
expression systems, employing the cihiate 1. thermophila,
cnable high level amplification of transgenes encoding
polypeptides of interest, but suifer from genetic instability
resulting a 1n loss of transgenes and thus loss of expression
and yield of the desired polypeptide.
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In one aspect, the system described herein enables high
level amplification of a transgene encoding a polypeptide of
interest in genetically-modified ciliates.

In one aspect, the methods and compositions described
herein provide a polypeptide expression system that enables
stable expression of transgenes for the production of eukary-
otic or prokaryotic polypeptides in ciliates.

In another aspect, the recombinant polypeptide expression
system of the invention comprises a genetically modified
ciliate having a non-functional micronuclear rDNA locus
(c.g., a universal recipient line as described below) and
wherein the non-functional micronuclear rDNA locus causes
the ciliate to exhibit a conditionally conjugation-lethal phe-
notype. In some embodiments, the micronuclear rRNA locus
1s non-functional due to a deletion, mutation or substitution in
one or more regulatory regions that regulate the expression,
replication, amplification or stability of the micronuclear
nucleic acid encoding the rRNA.

In one aspect, a universal recipient line 1s provided which
comprises a genetically modified ciliate having a non-func-
tional micronuclear rDNA locus. In some embodiments, the
non-functional rRNA locus 1s the 5.8S rRNA locus. In other
embodiments, the non-functional rRNA locus 1s the 17S
rRNA locus. In still other embodiments the non-functional
rRNA locus 1s the 26S rRNA locus. In other embodiments, the
non-functional rRNA locus 1s the any other rRNA locus
which, when non-tfunctional, results 1n a conditionally con-
jugation-lethal phenotype. Defined mutations that inactivate
such rRNA loci1 are also known 1n the art. For example, the
rmm 10 mutation 1s a recessive-lethal and cis-acting matura-
tion mutant that results 1n severely defective production of
both monomeric and palindromic rDNA in the developing
macronucleus (Kapler et al. (1994a)). Naturally occurring
polymorphisms between the B and C3 alleles are also known
in the art. In some embodiments, genetically modified ciliates
have at least one nonfunctional micronuclear rRNA gene. In
other embodiments, the genetically modified ciliates can have
at least two nonfunctional micronuclear rRNA genes. In other
embodiments, the genetically modified ciliates can have at
least three nonfunctional micronuclear rRNA genes. In some
embodiments, the micronuclear rRNA locus 1s non-func-
tional due to a deletion, mutation or substitution in the micro-
nuclear nucleic acid encoding the rRNA. Methods to render a
micronuclear rRNA non-functional are well known 1n the art
and can include, without limitation, deletion and/or mutation
of the gene. Additional methods, including mutation or dele-
tion of elements regulating transcription and/or stability of

the rRNA, can also be used 1n conjunction with the methods
described herein.

In still other embodiments, the micronuclear rRNA locus 1s
non-functional due a deletion, mutation, inversion or substi-
tution 1n a regulatory region regulating the expression of a
5.8S5 rRNA, 17S rRNA, 26S rRNA or other rRNA from a
macronuclear chromosome generated from a micronuclear
rDNA locus during upon macronuclear reorganization.

In still other embodiments, the micronuclear rRNA locus 1s
non-functional due to a deletion, mutation, 1nversion or sub-
stitution of a sequence regulating the amplification or stabil-
ity ol a macronuclear chromosome generated from a micro-
nuclear rDNA locus during upon macronuclear
reorganization. In some embodiments, the deletion, mutation,
inversion or substitution 1s 1 a micronuclear sequence that
regulates the formation of a telomere of the rDNA macro-
nuclear chromosome. In other embodiments, the deletion,
mutation, inversion or substitution 1S 1 a micronuclear
sequence that regulates replication of the rDNA macro-
nuclear chromosome.
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In certain aspects, ciliates transformed with the rDNA vec-
tors described herein can be utilized as hosts for recombinant
polypeptide expression. Accordingly, 1n certain aspects, the
transformed ciliates can be used as production cell lines suit-
able for use as hosts for recombinant polypeptide expression
by transformation of the ciliate with an rDNA vector com-
prising a transgene expression cassette capable of directing
expression of the transgene.

In certain aspects, the genetically modified ciliates having
a non-functional micronuclear rDNA locus described herein
can be utilized as hosts for recombinant polypeptide expres-
sion. Accordingly, 1n certain aspects, genetically modified
ciliates (e.g., Tetrahymena spp.) having a non-functional
micronuclear rDNA locus (e.g., universal recipient lines) can
be converted to production cell lines suitable for use as a host
for recombinant polypeptide expression. In some embodi-
ments, a universal recipient line can be rendered conjugation
competent by transformation of the hosts with an rDNA res-
cue vector. In some embodiments, the rDNA rescue vector
can further comprise a transgene expression cassette capable
of directing expression of the transgene.

Thus, 1n other aspects, the invention described herein
relates to rDNA vectors. In some embodiments, the rDNA
vector comprises a complete copy of an rDNA locus. In
certain embodiments, the rDNA locus 1n the rDNA vector 1s
a C3 rDNA allele. In other embodiments, the rDNA locus 1n
the rDNA vector 1s a C3 rDNA allele genetically modified to
include a B allele 17S rDNA gene 1n place of a C3 allele 175
rDNA gene. In other embodiments, the rDNA locus in the
rDINA vector 1s a C3 rDNA allele that 1s conditionally conju-
gation-lethal in genetically modified ciliates comprising a
non-functional micronuclear rDNA locus.

In some embodiments, the rDNA vector described herein
comprises a complete copy ol a micronuclear rDNA locus
flanked by functional chromosome breakage sequences
(CBSs) on the 3' end and the 5' end of the rDNA locus such
that transformation of a ciliate that 1s undergoing, or will
undergo, macronuclear reorganization will cause the rDNA
vector to be processed into a macronuclear chromosome (e.g.,
a minichromosome). In further embodiments, the rDNA vec-
tor can further comprise one or more cis-acting nucleotide
sequences that promote amplification of a minichromosome
derived from the rDNA vector during macronuclear differen-
tiation.

In another aspect, a conditionally conjugation-lethal ciliate
can be rendered capable of surviving conjugation by trans-
forming the ciliate with an rDNA rescue vector comprising
one or more sequences corresponding to a functional rDNA
locus. The conditionally conjugation-lethal ciliate includes a
genetically-modified micronuclear rDNA locus that 1s not
capable of producing a macronuclear rDNA chromosome
capable of expressing a suificient amount of one or more
types of rDNA so as to permit survival of progeny upon
conjugative reproduction of the ciliate (e.g., because one or
more rDNA coding sequences 1s missing from the micro-
nuclear rDNA locus, or because one or more regulatory
regions regulating the expression of an rRNA 1s missing or
non-functional 1n the micronuclear genome, or because one
or more regulatory regions regulating the formation of a
macronuclear rDNA chromosome 1s missing or non-func-
tional 1 the micronuclear genome).

In some embodiments, the absence of a functional micro-
nuclear rDNA locus 1n the micronucleus can be achieved by
partial or complete deletion or mutation of the corresponding,
nucleotide sequences in the micronuclear rDNA. Mutations
are understood to mean, for example, 1nsertions, deletions,
iversions or merely substitution of individual base pairs.
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Gene deletions or mutations can be itroduced to the target
organism by methods known to one skilled in the art, includ-
ing known methods for introducing somatic and germline
mutations in Zetrahymena spp. (e.g., Bruns et al. (2000) and
Cassidy-Hanley et al. (1997)). Additional exemplary meth-
ods suitable for use with the methods are described 1n, for
example, Sambrook et al., Molecular Cloning, A Laboratory
Manual, Cold Spring Harbor, N.Y. Such genetically modified
ciliates can be rendered conjugation-competent by transior-
mation with an rDNA rescue vector.

In another aspect, the mvention provides an rDNA rescue
vector capable of rescuing the conditionally conjugation-
lethal phenotype of the genetically modified ciliate, wherein
the conditional conjugation-lethal phenotype of the ciliate 1s
due to a non-functional rDNA locus 1n the micronucleus, by
transforming the ciliate with a rescue vector.

In some embodiments, the rDNA rescue vector comprises
all or part of a functional rDNA locus. In some embodiments,
the rDNA rescue vector can render conditionally conjuga-
tion-lethal genetically modified ciliates capable of surviving
conjugation by forming a recombinant macronuclear rDNA
chromosome. In another embodiment, the rDNA rescue vec-
tor can render conditionally conjugation-lethal genetically
modified ciliates capable of surviving conjugation by inte-
grating into the micronuclear genome such that a functional
macronuclear rDNA chromosome 1s generated upon conju-
gative reproduction of the ciliate.

In further embodiments, a transgene, optionally encoding a
polypeptide of interest can be incorporated 1 the rDNA vec-
tor or rDNA rescue vector such that a ciliate transformed with
the rDNA vector or rDNA rescue vector described herein, will
express apolypeptide encoded by the transgene. In some such
embodiments, the rDNA vector or rDNA rescue vector can
turther comprise one or more operably linked regulatory
nucleotide sequences that direct the expression of the trans-
gene 1n the ciliate.

In yet another aspect, the mmvention relates to methods
usetul for the production of a recombinant polypeptide 1n a
ciliate, the methods comprising (a) transforming a ciliate with
an rDNA vector, wherein the vector further comprises a
nucleotide sequence encoding the recombinant polypeptide;
(b) culturing the ciliate to produce the recombinant polypep-
tide; and (c) 1solating the recombinant polypeptide.

In some embodiments, a transgene, optionally encoding a
polypeptide of interest can be incorporated 1n an rDNA rescue
vector such that conditionally the rescued conjugation-lethal
genetically modified ciliates will also comprise the transgene.
Accordingly, the rDNA vector or the rDNA rescue vector can
turther comprise operationally linked regulatory nucleotide
sequences that direct the expression of the transgene 1n the
ciliate.

Also described herein are methods and compositions use-
tul for the expression of a recombinant polypeptide 1n a
ciliate.

A transgene cassette encoding a recombinant polypeptide
that 1s to be expressed 1n the cell can also be included within
the rDNA vector or the rDNA rescue vector. Thus, 1n some
embodiments, the rDNA vector or the rDNA rescue vector
can be an expression vector for expression ol recombinant
polypeptides 1n a ciliate. An expression vector, according to
the 1nvention, can be a nucleic acid molecule, like DNA or
RINA, circular or linear, for example, a plasmid, a cosmid or
an artificial chromosome, that allows expression of the
recombinant gene 1n the host cell. Such expression vectors
can be present episomally 1n the cell, can be integrated 1n the
micronuclear genome, can be integrated 1n the macronuclear
genome, or can be self-replicating.
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In some embodiments, expression ol the recombinant
polypeptide can be achieved by transforming a ciliate having
a homozygous B rDNA micronuclear genotype with an
rDNA vector capable of generating a C3 allelic rDNA min-
ichromosome upon macronuclear reorganization.

In some embodiments, the rDNA vector or the rDNA res-
cue vector can comprise a selection marker that does not
conifer resistance to growth in a medium containing paromo-
mycin.

For example, the rDNA vector or the rDNA rescue vector
as described herein can include one or more selection cas-
settes encoding a selection marker. The selection marker can
cnable selection of cells that have resistance to various bio-
static or biocidal drugs upon transformation with the vector.
In some embodiments, the rDNA vector or the rDNA rescue
vector can comprise a selection cassette such that transior-
mants can be selected against non-transformants by culturing
them 1n media comprising a selection agent.

Methods for selection of transformed cells harboring het-
erologous genes are known 1n the art. For example, the vector
can further comprise a selectable cassette marker to permait
selection for transformed cells (e.g., a cycloheximide resis-
tant cassette) (Gaertig et al. (1994), Nucleic Acids Res.
22:5391-5398). Selection of transformants can be achieved
by growing the cultured ciliates in a medium which allows
only the transformants to survive. Suitable selection agents
include antibiotics which will kill all or most non-transior-
mants but allow transtformants (which also possess an antibi-
otic resistance gene) to survive. A number of antibiotic-resis-
tance markers are known 1n the art. Any known antibiotic-
resistance marker can be used to transform and select
transformed host cells 1n accordance with the present inven-
tion.

The methods described herein also relate to methods for
expressing a transgene 1n genetically modified ciliates. In
embodiments, ex-conjugants transformed with the rDNA res-
cue vector comprising the transgene will have a macronuclear
rDNA chromosome encoding all rRNAs necessary for sur-
vival of the ciliate 1n addition to a transgene cassette capable
of driving expression of a heterologous polypeptide encoded
by the transgene.

In yet another aspect, the mnvention relates to methods
usetul for the production of a recombinant polypeptide 1n a
genetically modified conditionally conjugation-lethal ciliate,
the methods comprising (a) causing the genetically modified
ciliate to undergo sexual reproduction by conjugation; (b)
transforming the genetically modified ciliate with a vector
capable of suppressing the conditionally lethal phenotype of
the genetically modified ciliate, wherein the vector further
comprises a nucleotide sequence encoding the recombinant
polypeptide; (c¢) culturing the genetically modified ciliate to
produce the recombinant polypeptide; and (d) 1solating the
recombinant polypeptide.

Without being bound by theory, transformation of a con-
ditionally conjugation-lethal ciliate with an rDNA rescue
vector comprising a functional rDNA locus can result 1n the
introduction of a complete functional rDNA and subsequent
processing of said rDNA to a functional macronuclear palin-
dromic chromosome which will replace the non-functional
micronuclear version and render the transtormed cell viable.
In some embodiments, the progeny of such transformed cells
will have a non-functional micronuclear rDNA locus but a
tully functional, vector-derived recombinant rDNA chromo-
some 1n the macronucleus. In some embodiments, a trans-
gene, optionally encoding a polypeptide of interest, can be
incorporated in the rDNA rescue vector such that the condi-
tionally conjugation-lethal ciliates that are rescued will also
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comprise the transgene. Optionally, the rDNA rescue vector
can further comprise operationally linked regulatory nucle-
otide sequences that direct the expression of the transgene 1n
the ciliate.

The methods disclosed herein also enable selection of 5

transiformed cells without the addition of an antibiotic or any
additional selection marker to the growth medium after the
conditionally conjugation-lethal genetically modified ciliates
described herein have been rescued by transformation with an
rDNA rescue vector. In some embodiments, the parental
strain (e.g., conditionally conjugation-lethal genetically
modified ciliates having a non-functional micronuclear
rDNA) can further comprise a selection marker such that
parental strains can be grown under selective pressure. Such
genetically modified parental lines can be rendered conjuga-
tion-competent by rescue with an rDNA rescue vector. In
some embodiments, such parent mating lines are homozy-
gous functional heterokaryons for a non-functional micro-
nuclear rDNA locus and at least one of the parent lines 1s a
functional heterokaryon for a selectable marker. Because
only progeny transformed with the rDNA rescue vector and
expressing the selectable marker will survive, there 1s no
turther need for selection of ex-conjugants in subsequent
cultures after the parents have been eliminated.

In some embodiments, the rescue vector can further com-
prise a second selection marker such that ex-conjugants of a
parental mating can be selected against non-conjugating,
parental cells by culturing them in media comprising the
second selection marker. For example, in the case of geneti-
cally modified ciliates having a non-functional micronuclear
rDNA locus, a second selectable marker may be useful during
the mating step to eliminate non-mating parents and enable
1solation of progeny from the mating of two parent lines. The
second selection agent can be withdrawn from the growth
medium shortly after the mating step because the selection
marker will eliminate non-mating parental cell and only those
cells successtully transtormed with the rescue vector will be
capable of surviving in the vegetative state. Thus, 1n one
aspect, the methods described herein allow for the use one or
more antibiotic agents, including antibiotic agents toxic to
humans, because the use of such antibiotic agents can be
limited to a defined period after transformation suitable to
climinate non-transformed and non-mating parent cells.
Because the antibiotic agent can be used to eliminate non-
transformed and non-mating parent cells, transformed ex-
conjugants can subsequently be cultured 1n a medium lacking
an antibiotic selection agent. Accordingly, the antibiotic
agents can be diluted or washed away prior to 1solation of a
recombinant polypeptide expressed from ex-conjugants har-
boring a transgene.

Ciliates Useful 1n the Invention

The mvention may be practiced with a variety of different
ciliates. A ciliate as described herein can be any free-living
ciliate characterized by dimorphic nuclei consisting of a
macronucleus and one or more micronuclel, including butnot
limited to Tetrahyvmena, Pavamecium, Blepharisma, Col-
pidium, Euplotes, Stylonichia and Oxytricha species.

The free-living ciliate protists are a large and diverse phy-
lum (Ciliata) whose members display a structural and func-
tional complexity comparable to that of higher metazoa
(Fankel (2000); Turkewitz et al. (2002)) and include over
7,000 species with 11 major subdivisions. Tetrahymenids and
Paramecium belong to the Oligohymenophoreans. Ciliates
that include mucocysts useful 1n the mvention include 7et-
rahyvmena species such as Ietrahymena thermophila and 1et-
rahvmena pyriformis. Paramecium has dense core granules
but does not secrete a polypeptideaceous gel. Both Tetrahy-
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mena thermophila and Tetrahvmena pyriformis produce
mucocysts, and both secrete a proteinaceous gel.

letrahymena spp. are amenable to genetic manipulation,
can be grown on a large scale and have a doubling time of
1.5-3 hrs. Unlike 1. thermophila, which has an optimal
growth temperature of 35° C., the optimal growth tempera-
ture for 1. pyriformis 1s 34° C. Cells reach high-density in a
short time on a variety of mexpensive media and can be
expanded for growth 1n bioreactors up to several thousand
liters 1n size (Hellenbroich et al. (1999); de Coninck et al.
(2000)). Methods for transformation, along with robust,
inducible promoters for driving high-level gene expression
have recently been described for this system.

letrahymena spp. devote a large part ol their metabolism to
membrane polypeptide production due to the hundreds of
cilia that extend from 1ts surface (Williams et al. (1980)).
Additionally, Tetrahyvmena spp. lack a cell wall and display
high-mannose N-glycan polypeptide modifications that lack
branched, immunogenic structures (Tanguchi et al. (1985);
Beck et al. (2003); Weide et al. (2006)). Glycosylation pat-
terns of secreted polypeptides 1n Tetrahymena spp. consist of
high-mannose N-glycan structures that display minimal het-
erogeneity compared to other microbes such as yeast with
glycans ranging from Man,GIcNAc, to Man.GIcNAc, with a
majority of glycans comprising Man,GIcINAc, structures
similar to those which are produced in the endoplasmic
reticulum of mammalian cells. This glycosylation pattern 1s
unlike the glycosylation pattern produced 1n other microbial
systems. For example, such glycosylation 1s non-existent in
bacteria, and 1s highly branched and immunogenic in fungi.

letrahymena spp. produce abundant surface membrane
polypeptides known as immobilization antigens (1-antigens).
The expression of 1-antigens 1s tightly regulated by environ-
mental conditions (e.g., temperature), thus expression of a
heterologous polypeptide containing an endogenous GPI
anchor can be regulated by changes in temperature. Preer, The
Molecular Biology of Ciliated Protozoa, pp. 301-339 (ed. J.
G. Gall), Academic Press, New York (1986).

Ciliates can engage in regulated secretion of polypeptides
stored 1n cortical secretory organelles (granules) which are
discharged 1n a stimulus-dependent or regulated fashion
(Miller et al. (1990)). Dense core granules are specialized for
stimulus-dependent secretory granules that function 1n exo-
cytosis 1n cihates. In Zetrahymena spp., these dense core
granules are termed mucocysts, whereas the dense core gran-
ules of Paramecium tetraurelia are termed trichocysts (Haus-
mann (1978); Rosati and Modeo (2003)).

Regulated secretion 1n ciliates can be triggered by the
presence ol chemical mediators known as secretagogues. For
example, such mediators can cause increased levels of 1ntra-
cellular calcium (Ca**), which, in turn, trigger fusion of cor-
tical granules with the plasma membrane resulting in a
release of the granule contents 1nto the surrounding extracel-
lular space. Examples of secretagogues usetul 1n the mven-
tion include, but are not limited to, dibucaine, alcian blue and
Ca** ionophores.

Mutant strains defective in the release of hydrolytic
enzymes have also been 1solated (Hunseler et al. (1992), Dev.
(Genet. 13:167-173). In some embodiments, mutant strains
lacking or exhibiting reduced levels of secreted hydrolytic
proteases can be used for the production of surface-expressed
or secreted heterologous polypeptides.

Ciliate Genetics

Ciliates exhibit nuclear dimorphism and contain two dis-
tinct types of nucle1 1n each cell. The micronucleus (MIC or
mic) 1s diploid and contains five pairs of transcriptionally
inert chromosomes. The macronucleus 1s polyploid and func-
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tions as the transcriptionally active nucleus during vegetative
growth. The micronucleus functions as the repository for
genetic information for progeny produced by conjugation
during sexual reproduction. During conjugation, the micro-
nucleus undergoes meiosis to give rise to two pronuclei that
are reciprocally exchanged between sexually mating cells.
Upon fusion of the haploid gametes to produce a new zygotic
micronucleus, the micronucleus undergoes two post-zygotic
division resulting in the formation of new micronucler and
macronuclel. Upon formation of new macronuclei, the old
macronucler are resorbed are not transmitted to the sexual
progeny. The cells then reproduce asexually until the next
round of conjugation.

Differentiation of a macronucleus (MAC) from the mitotic
products of zygotic micronuclel produced upon sexual repro-
duction mvolves several programmed DNA rearrangements,
including but not limited to (1) the deletion of internal elimi-
nated sequences (IESs) from the MIC genome, (2) pro-
grammed site-specific fragmentation of the five MIC chro-
mosomes at specific chromosome breakage sequence (CBS)
containing sites to form 250-300 MAC chromosomes, and (3)
amplification to increase the copy numbers of the newly
tormed MAC chromosomes.

Chromosome Breakage

During programmed site-specific fragmentation, chromo-
some breakage occurs at about 50-200 specific sites along the

five germline chromosomes at locations defined by a con-
served 15 bp TAAACCAACCTCTTT (SEQ ID NO: 2) or

TAAACCAACCTCATT (SEQ ID NO: 3) CBS to form new
unprocessed MAC chromosomes (Yao et al. (1987), Cell
48:779-788; Yu and Blackburn (1991), Cell 67:823-832).
CBSs are necessary and sullicient sequence signals for chro-
mosome breakage in ciliates such as Tetrahymena. CBS
sequences, regardless of copy number, orientation, and
immediate flanking sequences, can serve as signals for site-
specific chromosome breakage and telomere addition (Yao et
al. (1990)). Subsequent processing results 1n the deletion of
about 6 to about 30 bp on e1ther side of the CBS and telomeres
are then added de novo to the end to each newly formed MAC
chromosome. Sequences residing adjacent to the CBS prior to
breakage subsequently flank the new telomeric sequence fol-
lowing the breakage and processing events.

The process of chromosome breakage during MAC ditter-
entiation generates about 250 to about 300 MAC chromo-
somes having an average size of about 800 kb. These MAC
chromosomes are maintained 1n the macronucleus during the
ensuing vegetative cycle of a ciliate such as Tetrahyvmena.

During this process, a copy of the rDNA locus 1s excised
from the micronuclear germline and undergoes rearrange-
ment into 21 kb head-to-head palindromes bounded by 5' and
3'Non-Transcribed Spacers (NTS) (Karrer etal. (1976); King
et al. (1982)).

Palindrome formation occurs via a mechanism dependent
on the presence of short mverted repeats and intramolecular
recombination. The 5'NTS, which 1s both necessary and sui-
ficient for replication, contains nucleosome free regions (ori-
D1 and or1-D2) that function as 1nitiation sites for amplifica-
tion as well as for mediating replication fork pausing at pause
site elements (MacAlpine et al. (1997)). The N'T'Ss also func-
tion to activate rRNA transcription (Pan et al. (1993)). This
rDNA minichromosome functions as the transcriptionally
active source for rRNAs (5.8S, 175, and 26S rRNAs) during
vegetative growth.

MAC Chromosome Amplification

Another stage of genetic reorganization during MAC dif-
terentiation 1s the amplification of MAC chromosomes. Dur-
ing the vegetative stage of Tetrahymena spp., transcription-
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ally active ribosomal RNA genes, which include genes
encoding the 5.8S, 175, and 26S rRNAs, reside on a small 21
kb MAC chromosome comprising two copies of the rRNA
genes 1n the form of an verted repeat. The MAC rRNA
chromosome 1s formed upon breakage of the CBSs flanking
the rRNA genes during differentiation of zygotic MIC
nucleus during conjugation. The resulting MAC rRNA chro-
mosome 1s then amplified and accumulated to about 9,000
copies per MAC, thereby resulting in an amplification of
about 200-fold over the rest of the genome.

Vectors

Recombinant DNA for transformation of the ciliates
described herein can be a vector, for example, any type of
nucleic acid, plasmid, cosmid, virus, autonomously replicat-
ing sequence, phage, linear or circular, single- or double-
strand DNA or RNA molecule, that can replicate 1n the ciliate
itsell or be incorporated 1nto 1ts genome. Vectors suitable for
use as high copy number vectors for the delivery of heterolo-
gous DNA to Tetrahymena have been developed to take
advantage of the process of rDNA amplification during
macronuclear reorgamization (Yu et al. (1989)). Such vectors
have the advantage that DNA can be cloned and engineered in
bacteria prior to transformation into a Zetrahymena host and
replicate to high copy number. For example, the pD5HS vec-
tor contains the a 119 bp linker located downstream of the 26S
rRNA gene that 1s operably linked to a C3 rDNA such that a
sequence 1nserted in the linker 1s retained in the rDNA fol-
lowing rearrangement of the plasmid DNA 1n conjugating
cells to form an episomal plasmid derrved minichromosome.
Upon transformation into a ciliate, the CBS sequences in the
rDINA vector are processed during macronuclear differentia-
tion to produce an excision product that i1s the equivalent of
the rDNA produced from normal processing ol a micro-
nuclear rDNA. The excision product from the vector 1s further
processed to the macronuclear palindromic form and subse-
quently acts as a source for rDNA 1n the transformed cell.

In one aspect, methods described herein relate to the use of
an rDNA vector that can be maintained as an autonomously
replicating mimichromosome when transformed into a ciliate
host cell. The use of such rDNA based technologies for the
introduction of recombinant DNA 1n ciliates such as 1. ther-
mophila results 1n an approximately 400-fold increase 1n
copy number compared to cells that harbor transgenes
somatically 1n the macronucleus (about 45 copies). While this
increase n copy number 1s not necessarily linearly related to
product yield, rDNA based expression has been shown to lead
to higher product yield 1n 1. thermophila.

Two different rDNA alleles are known to exhibit differen-
tial replication during vegetative growth 1n Tetrahymena. B
and C3 rDNA alleles are both amplified in the new macro-
nucleus of heterozygous progeny. The C3 rDNA allele, how-
ever, has a replication advantage over the B allele rDNA.

A small deletion 1n the B rDNA allele 1s responsible, 1n
part, for 1ts vegetative maintenance disadvantage (Larson et
al. (1986); Yaeger et al. (1989)). The process of breakage
results 1n the conversion of the rRNA 1nto a palindrome via
mechanisms dependent on the presence of short inverted
repeat and mtramolecular recombination. Thus, when 1ntro-
duced into 1. thermophila B cell lines, the micronuclear ver-
s1on of the C3 rDNA 1s processed to form a palindrome and 1s
maintained as a stable linear chromosome over many genera-
tions.

plC-19-based rRINA based cloning vectors suitable for use
as high copy number vectors for the delivery of heterologous
DNA to Tetrahymena have been developed to take advantage
of this process of amplification (Yu et al. (1988); Yu et al.
(1989)). The design of these vectors 1s based in part on the
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existence of different rDNA alleles in 1. thermophila having
sequence variations within their respective origins of replica-
tion. Specifically, rDNA from strain C3 has a replication
advantage over a genetic variant rDNA from strain B when
they are present 1n the same macronucleus. When both B and
C3 rDNA are present a macronucleus, the B variant 1s virtu-
ally eliminated within about 30 {issions. In certain embodi-
ments of the invention described herein, C3 rDNA can
become the sole macronuclear rDNA species. The methods
described herein relate 1n part to the replicative advantage of
the C3 rDNA allele 1n a ciliate such as Tetrahzyvmena having a
homozygous B allele genotype. In one aspect, the methods
described herein relate to the use of an rDNA vector (e.g., the
pD3SHS8 vector) comprising a transgene cassette operably
linked to the rDNA locus of the vector. This feature has been
used for the introduction of transgenes to a potential copy
number of 18,000 per cell.

Although methods of selecting transformants are readily
known to one skilled in the art, such methods suffer {from loss
of efficacy due to genetic instability. For example, a point
mutation in the 17S rDNA, which confers resistance to neo-
mycin, can be used for the purpose of direct selection of
rDNA transformants (3, 6), however such vectors are unstable
and are lost within 50 to 80 generations. Specifically, a dis-
advantage of current approaches that utilize the pD3SHS vec-
tor 1s the use of a neomycin phosphotransierase (neo) gene
(which 1n Tetrahymena conlers resistance to paromomycin)
as a selection marker linked to a transgene of interest. This
selection marker 1s redundant to the etfect of a point mutation
in the C3 allele 178 rDNA 1n the rDNA locus comprised in the
pD3HS vector, which 1itself confers resistance to paromomy-
cin, and can be used for the purpose of direct selection of
rDNA transformants (Spangler et al. (1985); Bruns et al.
(1985)).

Because a neo resistance cassette linked to transgene in
pD3HS 1s redundant to paromomycin resistance dertved from
the mutated 175 C3 rDNA allele, loss of transgene expression
products can occur due to genetic instability by uncoupling of
paromomycin resistance from the transgene expression cas-
sette. Without being bound by theory, such uncoupling can
occur by recombination and loss of the transgene even when
paromomycin resistance 1s maintained by expression of the
mutated 17S C3 rDNA from the rDNA vector dertved rDNA
mimichromosome. Again, without being bound by theory,
another source of genetic instability can stem from hybnd
palindromes of recombinant rDNA chromosomes where one
arm contains the transgene cassette and the other contains WT
rDNA. Over time, strains containing hybrid rDNA chromo-
somes can revert to W rDNA and result 1n loss of the trans-
gene.

In one aspect, the methods described herein relate to the
use of an rDNA vector comprising a selection maker other
than a neomycin phosphotransierase (neo) gene linked to the
transgene. In one embodiment, an rDNA vector, as described
herein, can comprise (1) a C3 rDNA locus, (2) a selection
maker other than a neomycin phosphotransierase (neo) gene,
and (3) a transgene cassette, wherein the C3 rDNA locus, the
selection marker other than a neomycin phosphotransierase
(nco) gene, and the transgene cassette are bounded by a 5" and
a 3' CBS such that macronuclear reorganization in a ciliate
transformed with the vector will result in the formation of a
macronuclear minichromosome capable of expressing vec-
tor-derived rDNA, the selection marker and a polypeptide
encoded by the transgene cassette.

The rDNA vector described herein can comprise an rDNA
locus allele wherein the mutated C3 1785 rDNA allele 1n the
rDNA locus has been modified such that it can no longer
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confer resistance to paromomycin. In some embodiments, the
175 C3 rDNA allele 1n the rDNA locus of the rDNA vector

can bereplaced witha 175 rDNA allele from a B rDNA locus
allele. In other embodiments, the 17S rDNA allele 1n the
rDNA locus of the rDNA vector can be replaced with a 17S
rDNA from any other known 175 rDNA allele that does not
conier resistance to paromomycin. In further embodiments,
the 26S rDNA can be replaced with a mutated version con-
ferring resistance to anisomycin (Sweeney et al. (1991))

In some embodiments, an rDNA vector, as described
herein, can comprise (1) a C3 rDNA locus, (2) a selection
maker other than a neomycin phosphotransierase (neo) gene,
and (3) a transgene cassette, wherein the C3 rDNA locus and
the transgene cassette are bounded by a 5'and a 3' CBS as well
as a section marker such that macronuclear reorganization in
a ciliate transformed with the vector will result 1n the forma-
tion ol a macronuclear mimichromosome capable of express-
ing vector-dertved rDNA and a polypeptide encoded by the
transgene cassette. An rDNA vector, as described herein, can
include one or more selection marker genes.

In some embodiments, a selection marker can be operably
integrated 1nto the rDNA vector such that 1t can confer resis-
tance to one or more biostatic or biocidal drugs when the
rDNA vector 1s maintained in an episomal state. In other
embodiments, the selection marker can be operably inte-
grated into the rDNA vector such that it can confer resistance
to one or more biostatic or biocidal drugs when a minichro-
mosome derived from the rDNA vector 1s generated during
macronuclear reorganization. In still further embodiments,
the selection marker can be operably integrated into the rDNA
vector such that 1t can confer resistance to one or more bio-
static or biocidal drugs when the rDNA vector 1s maintained
in an episomal state and when a minichromosome derived
from the rDNA vector 1s generated during macronuclear reor-
ganization.

A number of selection markers are suitable for use with the
vectors and methods described herein. Such selectable
marker genes and their corresponding selection agents
include, but are not limited to aminoglycoside phosphotrans-
terase (APH) and G418; dihydrofolate reductase (DHFR) and
methotrexate (Mtx); hygromycin-B-phosphotransierase
(HPH) and hygromycin-B; balsticidin and blasticidin resis-
tance gene (bsr); xanthine-guanine phosphoribosyltrans-
terase (XGPRT) and mycophenolic acid; adenosine deami-
nase (ADA) and 9--D-xylofuranosyl adenine (Xyl-A); and
ribosomal polypeptide 1L.29 (CYH2) and cycloheximide.
Another selectable marker system employs AmpR and ampi-
cillin. Selectable marker genes that confer sensitivity or sus-
ceptibility to a normally non-toxic selection agent cause only
successiully transfected cells to die 1n the presence of the
selection agent are referred to as negative selectable markers.
Phenotypic selectable marker genes permit selection based
upon morphological or biochemical traits rather than cell
death or survival. In some cases, the phenotypic marker 1s
detectable only 1n the presence of an additional selection
agent.

Homologous Recombination

In one aspect, the subject matter disclosed herein relates to
an expression vector for expression of recombinant polypep-
tides 1n ciliates. An expression vector, according to the mnven-
tion, can be a nucleic acid molecule, like DNA or RNA,
circular or linear, for example, a plasmid, a cosmid or an
artificial chromosome, that allows expression of a recombi-
nant gene in a host cell (e.g., Tetrahymena). Such expression
vectors can be present episomally in the cell (1.e., be seli-
replicating) or can be integrated into the genome of the host
cell. Integration events can occur randomly or by homologous



US 8,004,374 B2

19

recombination. In some embodiments, the methods and com-
positions described herein relate to an expression vector that
undergoes homologous recombination with the genome of a
host cell.

Gene targeting by means of homologous recombination
between homologous exogenous DNA and endogenous chro-
mosomal sequences 1s uselul for the creation of genetically
modified organisms. Homologous recombination relies, in
part, on the ability of nucleic acids to base pair with comple-
mentary sequences. In the case of homologous recombina-
tion, the base pairing enables the interaction of two separate
nucleic acid molecules so that strand breakage and repair can
take place. Thus, the method relies on sequence homology to
bring two complementary sequences into close proximity, at
which point recombination can cause one complementary
sequence to replace the other by virtue of the breaking of
certain bonds and the formation of others.

One skilled in the art can design a vector suitable for
homologous recombination. Briefly, a target gene or region
can be selected within a host cell for modification by homolo-
gous recombination. Such modifications can include, but are
not limited to, one or more deletions, mutations or insertions.
For example, a deletion that renders a target gene inactive can
be used 1n conjunction with the methods described herein.
The homologous sequences flanking the deletion are said to
“flank™ the mutation. Flanking, 1n this context, simply means
that target homologous sequences are located both upstream
(5') and downstream (3') of the mutation. For homologous
recombination to occur upon 1ntroduction of the vector mnto a
cell, these sequences should correspond to some sequences
upstream and downstream of the target gene or target region.
The construct 1s then introduced into the cell, thus permitting
recombination between the cellular sequences and the con-
struct.

Various methods for selecting cells that have undergone
homologous recombination are well known 1n the art. For
example, an expression vector designed to result 1n the stable
integration of a recombinant nucleic acid by homologous
recombination can include one or more selection markers
genes. The selection marker enables selection of cells that
have integrated the construct into their genomic DNA by
conferring resistance to various biostatic or biocidal drugs. In
addition, a heterologous gene that is to be expressed 1n the cell
also may be included within the construct. Thus, the use this
type of construct enables (1) the modification of an endog-
enous gene, (1) the inclusion of a selectable marker for 1den-
tifying such an event and (111) introduce a heterologous gene
for expression.

Universal Recipient Lines with Non-Functional Micro-
nuclear rDNA Loci

Described herein are methods and compositions usetul for
the expression of a recombinant polypeptide 1n a ciliate. In
some embodiments, expression of the recombinant polypep-
tide can be achieved by transforming a genetically modified
ciliate lacking one or more micronuclear rDNA genes or
having one or more non-functional micronuclear rDNA genes
with an rDNA rescue vector encoding the missing or non-
functional rDNA gene(s). Cells lacking one or more micro-
nuclear rDNA genes or having one or more non-functional
micronuclear rDNA genes will be conditionally viable and
unable to survive sexual reproduction through conjugation.
Accordingly, transformation of such cells with a rescue vec-
tor capable of correcting the rRNA deficiency will render
such cells conjugation competent. In some embodiments, the
rDNA rescue vector can further comprise a transgene expres-
s10n cassette such that cells rendered conjugation competent
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by the methods described herein will also express a recom-
binant polypeptide encoded by the transgene.

Such genetically modified conjugation incompetent ciliate
host cells will be viable 1n the vegetative state as heterokary-
ons because rRNA genes are not expressed from the micro-
nuclear genome during vegetative growth and there will
accordingly be no impact on the viability of such cells until
the cell engages 1n sexual reproduction by conjugation. In
some embodiments, the conditional lethality of the genetic
modification will occur upon exit from the vegetative state
(e.g., macronuclear differentiation upon conjugation).

Without being bound by theory, the heterokaryonic cells
will no longer be viable because the progeny of the cells will
obtain theirr rRNA-encoding genes from the micronucler of
the parental strains and when macronuclei are resorbed upon
sexual reproduction by conjugation, the absence of one or
more functional rDNA genes will cause lethality. Accord-
ingly, the conditional conjugation-lethality of the genetic
modification will be evident upon macronuclear differentia-
tion (1.e., upon sexual reproduction). For example, such
genetically modified ciliate host cells will be viable in the
vegetative state due to somaticrRNA expression derived form
the macronucleus. Cell viability can be restored 1n such con-
ditionally conjugation-lethal genetically modified ciliate
hosts cell lacking one or more micronuclear rDNA genes or
having one or more non-functional micronuclear rtDNA genes
by transformation with an rDNA rescue vector.

The universal recipient cells described herein can be cre-
ated using standard techniques known 1n the art. For example,
letrahymena cells can be transformed with a homologous
recombination vector capable of replacing one or more func-
tional rDNA genes 1n the micronuclear rDNA locus with a
nucleotide sequence that reduces or abolishes function or
expression of the rRNA upon macronuclear reorganization in
the vegetative state. The homologous recombination vector
can further comprise a selection marker such that cells 1n
which the micronuclear rDNA locus i1s nonfunctional by
homologous recombination can be selected by growth 1n a
biostatic or biocidal drug. Such cells will remain viable 1n the
vegetative state because macronuclear chromosomes capable
of expressing all of the rRNA genes required for survival will
already be present 1n the macronucleus. Such cells can be
selected on the basis of a selection marker encoded 1n the
homologous recombination vector such that only those cells
undergoing homologous recombination, and thus only those
cells now lacking one or more micronuclear rDNA genes or
having one or more non-functional micronuclear rDNA genes
will propagate in the presence of appropriately selected bio-
static and biocidal drugs. The universal recipient will not be
capable of undergoing sexual conjugation because, after
macronuclear reorganization following conjugation, the
micronuclear rDNA locus will be non-functional and will be
incapable of giving rise to a macronuclear rDNA chromo-
some capable of expressing the rRNAs necessary for survival
of the cell 1n the vegetative state. In some embodiments, the
umversal recipient cells can be heterokaryons carrying a
selectable marker that does not interfere with downstream
selections. Many suitable selection markers are known in the
art, including, for example, 6-methylpurine.

The universal recipient cells described herein can further
comprise any known polymorph of the rDNA locus. In one
embodiment, the universal recipient cell can have a B rDNA
locus polymorph. In another embodiment, the universal
recipient cell can have a C3 rDNA locus polymorph. Without
being bound by theory, in some embodiments, universal
recipient cells having a C3 rDNA locus polymorph can com-
prise a 17S rRNA encoding gene comprising a point mutation
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that confers resistance to paromomycin and hygromycin such
that the cells can be grown 1n paromomycin or hygromycin.
rDNA Rescue

In some embodiments, the rescue event can occur 1n the
absence of homologous recombination. For example, where
the recipient cell line has a deletion of all or substantially all
of the micronuclear rDNA locus, transformation with an
rDNA rescue vector comprising a complete copy of an rDNA
locus will not allow recombination between micronuclear
DNA and the rDNA rescue vector. Accordingly, any trans-
gene cassette comprised within the rDNA rescue vector will
not be lost by phenotypic assortment. In one embodiment,
rescue of universal recipient cells can be performed by trans-
formation with an rDNA rescue vector comprising a complete
copy of the micronuclear rDNA locus flanked by functional
CBS regions on both the 3' and 5' ends. In some embodiments,
the rDNA locus 1n the rDNA rescue vector can be a B poly-
morph rDNA locus. In other embodiments, the rDNA locus in
the rDNA rescue vector can be a C3 polymorph rDNA locus.
The CBS sequences 1n the transformation vector are then
processed like other CBS regions naturally present 1n the
genome, and produce an excision product that 1s the equiva-
lent of the rDNA produced from normal processing of the
micronuclear rDNA flanking CBS regions. The excision
product from the vector 1s further processed to the macro-
nuclear palindromic form and subsequently acts as the source
for rDNA 1n the rescued cell.

In some embodiments, the rDNA rescue vector can further
comprise a transgene cassette of interest (e.g., the transgene
cassette can be 1 the 3' non-transcribed sequence of an rDNA
gene). In some embodiments, a transgene cassette can be
inserted into the 3' non translated sequence of the rDNA locus
in the rDNA rescue vector.

In some embodiments, the universal recipient cells
described herein can be transformed with a homologous
recombination vector having both a transgene cassette and
one or more functional rDNA genes.

In other embodiments, the rDNA rescue vector can com-
prise a selection marker, such that cells that have been trans-
formed with the rescue vector, whether or not they have
undergone homologous recombination with the rDNA rescue
vector, can also be selected by growth 1n a biostatic or biocidal
drug.

In some embodiments, the rDNA rescue vector can com-
prise a selection marker and a transgene cassette such that
cells transformed with the rDNA rescue vector can be grown
in a selective medium whether or not the rDNA rescue vector
undergoes homologous recombination with any micro-
nuclear genomic sequence in the umversal recipient cell.

The rDNA rescue vectors described herein can further
comprise any rRNA encoding nucleotide sequence or poly-
morph. In some embodiments, the rDNA rescue vector can
comprise an rRNA-encoding nucleotide sequence corre-
sponding to a B polymorph rRNA. In other embodiments, the
rDNA rescue vector can comprise an rRNA-encoding nucle-
otide sequence corresponding to a C3 polymorph rRNA.
Without being bound by theory, in some embodiments, an
rDNA rescue vector comprising a C3 rDNA locus polymorph
can comprise a 175 rRINA encoding gene comprising a point
mutation that confers resistance to paromomycin or hygro-
mycin such that the cells transformed with the vector can be
grown 1n paromomycin or hygromycin upon homologous
recombination following macronuclear reorganization.

rDNA Knockout Vectors

A vector usetul for generating a universal recipient cell
having a non-functional or deleted micronuclear rDNA locus
can comprise an rDNA knockout cassette suitable for replac-
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ing the micronuclear DNA segment extending from a
sequence between the 5' CBS flanking the micronuclear
rDNA locus and the 3' CBS flanking the micronuclear rDNA

locus. Accordingly, the two regions of homology between the
rDINA knockout construct and the rDNA rescue construct can
be designed to complement one another such that deletion,
substitution, 1nsertion or mversion of one or more nucleic
acids by homologous recombination with an rDNA knockout
vector can be reversed by homologous recombination with
the rDNA rescue vector.

In some embodiments, a selection marker can be operably
integrated into the rDNA knockout vector such that 1t can
conier resistance to one or more biostatic or biocidal drugs
when the rDNA knockout vector 1s integrated or maintained
in an episomal state. In other embodiments, the selection
marker can be operably integrated 1nto the rDNA knockout
vector such that 1t can confer resistance to one or more bio-
static or biocidal drugs when a mimichromosome derived
from the rDNA knockout vector 1s generated during macro-
nuclear reorganization. In still further embodiments, the
selection marker can be operably integrated into the rDNA
knockout vector such that it can confer resistance to one or
more biostatic or biocidal drugs when the rDNA knockout
vector 1s maintained 1n an episomal state and when a min-
ichromosome derived from the rDNA knockout vector is
generated during macronuclear reorganization.

DNA Vectors

Recombinant DNA for transformation of the genetically
modified ciliates described herein can be a vector, for
example, any type of nucleic acid, plasmid, cosmid, virus,
autonomously replicating sequence, phage, linear or circular,
single- or double-strand DNA or RNA molecule, that can
replicate 1n the target organmism itsell or be mcorporated nto
its genome.

A heterologous nucleic acid transformed 1nto a ciliate can
be maintained extrachromosomally on an autonomous plas-
mid. Heterologous nucleic acids can also be introduced into
the ciliate host on an expression vector that 1s capable of
integrating into the host’s genome. For example, expression
vectors capable of homologous recombination with a highly
expressed gene that 1s endogenous to the ciliate host, such as
a beta-tubulin gene are known 1n the art.

Expression vectors useful for transforming ciliates 1in
accordance with the methods described herein include but are
not limited to rDNA rescue vectors (e.g., replacement vec-
tors), rDNA vectors, and rDNA-based vectors. Rescue vec-
tors accomplish DNA-mediated transformation by replacing
or altering endogenous genes using homologous recombina-
tion. Integration of the heterologous nucleic acid into the
host’s genome at the targeted site 1s accomplished wvia
homologous recombination involving a crossover event with
the vector containing the heterologous nucleic acid. An
example of an expression vector usetul for genomic incorpo-
ration of a heterologous nucleic acid by replacement 1s one
that targets a transgene to the beta-tubulin locus and 1s select-
able by growth in appropriate drugs (Gaertig et al. (1999)).

Methods for creating mitotically stable transformants of
ciliates (e.g., Tetrahymena spp.) are known in the art. For
example, methods for generating Tetrahymena spp. having
targeted gene knockouts by homologous DNA recombination
are known 1n the art (Bruns & Cassidy-Hanley in: Methods in
Cell Biology, Vol. 62, Asa1 & Formey (eds.), Academic Press
(1999), pp. 501-312); Ha1 et al. 1n: Methods in Cell Biology,
Vol. 62, Asa1 & Formey (eds.), Academic Press (1999) 514-
531; Gaertig et al. (1999), Nature Biotech. 17:462-465;
Cassidy-Hanley et al. (1997), Genetics 146:135-147).
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A replacement vector can include a 3' region, followed by
a heterologous coding region, followed by a 3' region,
wherein at least a portion of each of the 5" and 3' regions 1s
complementary to 5' and 3' regions on an endogenous gene of
the host, to allow for genomic integration of the heterologous
coding region via homologous recombination. The 3" and 3'
regions of the vector can also comprise regulatory elements,
such as a promoter and a terminator. The necessary regulatory
clements can also be supplied by the endogenous gene into
which the heterologous coding region integrates. Suitable
regulatory regions include, but are not limited to promoters,
termination sequences, signal peptides and propolypeptide
domains involved 1n the expression and secretion of polypep-
tides. For example, such regulatory elements can provide
cificient heterologous expression of polypeptides 1n ciliates
under control of promoters and/or terminators which are
derived from genes 1n ciliates. Such vectors can comprise
naturally occurring promoters and/or terminators Ifrom
polypeptides secreted at a high level 1n ciliates. The expres-
s10n of recombinant polypeptides 1n ciliates can be driven by
strong promoters, pre/pro sequences and terminators. In some
embodiments, the promoters and/or terminators can be
selected from polypeptides secreted at a high level indepen-
dent of the cell-cycle 1n Tetrahymena spp. (see, e.g., U.S.
Patent Publication 2006/0127973; W02003/078566). Induc-
ible promoters from Tetrahvmena spp. genes have also been
described that allow robust expression of heterologous genes.
For example, heat-inducible promoters of the heat shock
polypeptide family of the cihiate ZTetrahymena spp. are also
suitable for use with the methods described herein. Suitable
heat shock promoters from Tetrahymena spp. are known in
the art (see, e.g., WO2007/006812).

Expression vectors can also be maintained extrachromo-
somally 1n ciliates. For example, such extrachromosomal ele-
ments can be rDNA-based vectors containing an on from
letrahymena spp. Such vector can further comprise a 3' regu-
latory region from an endogenous Tetrahymena spp. gene
containing a promoter region operably linked to the heterolo-
gous coding region and/or a 3' regulatory region from the
same or a different Tetrahyvmena spp. gene. Suitable regula-
tory regions from ciliate genes are well known 1n the art.

Vectors suitable for use with the methods described herein
include, but are not limited to: the pXS76 shuttle vector
(which can be used for insertion of transgenes downstream of
a cadmium-inducible promoter from the MTT1 metallothio-
nein gene), rDNA vectors (Tondravi et al. (1986), Proc. Natl.
Acad. Sci. USA 83:4396; Yu et al. (1989), Proc. Natl. Acad.
Sci. USA 86: 8487-8491), high copy number ribosomal DINA
vectors (such as pD3HS). For example, an rDNA-based vec-
tors can be a circular vector containing 5' non-translated
sequences comprising two or more on sequences from 7et-
rahyvmena spp. One or more nucleic acid fragments contain-
ing heterologous coding regions (e.g., a transgene or a select-
able marker) can also be added to the vector using methods
known to one skilled 1n the art. Such vectors can further
comprise 5' untranslated regions of a Tetrahymena spp. genes
and a 3' untranslated regions of a Tetrahymena spp. genes.
These untranslated regions can be inserted upstream and
downstream of the selectable marker and/or the transgene.

The nucleotide sequences herein can be cloned using stan-
dard cloning procedures in the art, as described by Sambrook
et al., Molecular Cloning: A Laboratory Manual, Second
Edition, Cold Springs Laboratory, Cold Spring Harbor, N.Y.
(1989).

One skilled 1n the art will also appreciate that for a trans-
gene to be expressed in a ciliate, such as Tetrahymena, addi-
tional regulatory factors much be operatively linked to a
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coding sequence. These regulatory regions include, but are
not limited to a promoter, a polyadenylation sequence, a
transcriptional start site, a translation start site and the like.
For example, a functional promoter can have, among other
things, one or more TATA boxes, CCAAT boxes, GC boxes or

enhancer sequences. A transgene suitable for use with the
methods and compositions described herein can also include
a terminator functional in one or more types of ciliates. A
signal sequence that directs polyadenylation of mRNA may
also be required 1n order to achieve expression of a desired
transgene 1n a ciliate. One of skill in the art will further
recognize that the coding sequence of the functional gene will
also contain elements that direct translation of the encoded
mRNA 1n the target organism. For example, a start codon (for
example, ATG), a stop codon (TGA), an A-rich region belore
the start (translation initiation site), one or more Kozak
sequences, and a poly-A site can all be required for the
expression ol a transgene 1n a ciliate. It 1s also possible to
modily transgenes such that codon usages specific for a cili-
ate such as Tetrahymena 1s employed (Wuitschick & Karrer
(1999)). Thus 1n one embodiment, any functional promoter,
terminator, polyadenylation signal or any other regulatory
region that required to express a transgene 1n the context of
the rDNA rescue vector (or any macronuclear chromosomes
derived therefrom) can be used 1n conjunction with the meth-
ods and compositions described herein. One skilled 1n the art
will readily be able to devise a strategy to cause a transgene to
be expressed according to the methods described herein.

Such regulatory elements can provide elficient expression
of recombinant polypeptides in ciliates under control of pro-
moters and/or terminators which are dertved from genes in
ciliates such as Tetrahymena spp. The expression of recoms-
binant polypeptides in ciliates can be driven by strong pro-
moters, pre/pro sequences and terminators. In some embodi-
ments, the promoters and/or terminators can be selected from
polypeptides secreted at a high level independent of the cell-
cycle 1n Tetrahymena spp (see, e.g., U.S. Patent Publication
2006/0127973; WO2003/078566). Inducible promoters from
ciliate genes have also been described that allow robust
expression of heterologous genes. For example, heat-induc-
ible promoters of the heat shock polypeptide family of the
ciliate Tetrahymena spp. are also suitable for use with the
methods described herein. Suitable heat shock promoters
from Tetrahymena spp. are known in the art (see, e.g.,
W02007/006812).

Polypeptide Production

In one aspect, the methods described herein relate to the
production of a recombinant polypeptide in ciliates. In some
embodiments, the ciliate can have a micronuclear rDNA
locus homozygous for the B rDNA allele such that transior-
mation of the ciliate with an rDNA vector comprising a C3
rDNA locus, will result a ciliate having both micronucleus
derived B allele rDNA minichromosomes and an rDNA vec-
tor dertved C3 rDNA minichromosomes. In other embodi-
ments, the rDNA vector dertved C3 rDNA minichromosomes
can further comprise an rDNA vector-derived transgene cas-
sette. In other embodiments, the rDNA vector can further
comprise an rDNA vector-derived selection marker.

In yet another aspect, the mvention relates to methods
usetul for the production of a recombinant polypeptide 1n a
ciliate, the methods comprising (a) transforming a ciliate with
an rDNA vector or an rDNA rescue vector, wherein the vector
turther comprises a nucleotide sequence encoding the recom-
binant polypeptide; (b) culturing the ciliate to produce the
recombinant polypeptide; and (c) 1solating the recombinant
polypeptide. In some embodiments, the ciliate has a homozy-
gous B rDNA allele micronuclear genotype.
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Without being bound by theory, the replicative advantage
of the C3 rDNA minichromosome will eventually result in the
climination of the B rDNA allele minichromosome during
vegetative growth such that the only source of rRINA expres-
sion will be the rDNA vector dertved C3 minichromosome.

Transformation

Genes can be mntroduced into ciliates using established
protocols or any method known to one skilled in the art.
Transtormation of ciliates can be achieved by microinjection
(Tondravi and Yao (1986), Proc. Natl. Acad. Sci. USA
83:4369-43773), electroporation (Gaertig and Gorovsky
(1992), Proc. Natl. Acad. Sci. USA 89:9196-9200), or biolis-
tically (Cassidy-Hanley etal. (1997), Genetics 146:135-147).
Alternatively, transformation of the somatic macronucleus or
the generative micronucleus 1s also possible 1n Tetrafsyvmena
SPp.

Transformation can be performed at different times during
mei10sis during conjugation depending on whether the target
1s micronuclear transformation or macronuclear transforma-
tion. In some embodiments, universal recipient cells can be
transformed with an rDNA rescue vector during the early
stages on conjugation. In other embodiments, universal
recipient cells can be transformed with an rDNA rescue vec-
tor during the vegetative state (e.g., a starvation induced veg-
ctative state) as long as transformation occurs prior to fertili-
zation. In some embodiments, biolistic transformation can be
used for micronuclear transformation. In other embodiments,
micronuclear transformation can be used to create the univer-
sal recipient cells.

Transformation performed during conjugation can be
highly conjugation stage specific, as well as have time and
temperature dependence. For example, in the case of macro-
nuclear transformation, transformation has to occur late in
conjugation when the cells are normally processing the native
CBS regions in the genome. In the case of micronuclear
transformation, for example for the creation of universal
recipient strains having a non-functional micronuclear rDNA
locus, or for the creation of parent strains having one or more
non-functional rDNA genes, conjugating cells must be trans-
formed early 1n mating prior to the completion of meiosis and
haploid zygote nucleus formation. See Cassidy-Hanley et al.
(1997). Flanking regions of homology are essential for all
homologous transformation, and biolistic transformation can
be used for micronuclear transformation.

All cells 1n a population may not necessarily be trans-
formed during a transformation protocol. Nevertheless, the
true progeny survivors of the genetically modified ciliates
described herein transformed with an rDNA rescue vector
comprising a transgene cassette will be capable of expressing
a heterologous polypeptide encoded by the transgene. Thus,
although conjugation 1s not completely synchronous in cili-
ates, synchronization need only be suflicient to yield some
survivors. However, there i1s also a workaround involving
selection against non-maters based on parent strains that are
functional heterokaryons for a selectable marker. Parental
strains which are functional heterokaryons, (i.e., strains
which carry a non-expressed selectable marker 1n the micro-
nucleus but not in the macronucleus) will not express the
selectable marker. Any cells which do not undergo conjuga-
tion and the formation of a new macronucleus will be killed
by the selection agent. Mating brings the micronuclear gene
into expression in the newly formed macronucleus in progeny
cells, and true progeny will therefore be resistant to the selec-
tion agent. As a result only true progeny will survive selec-
tion.

In some embodiments, ciliate cells can be transtformed with
a chimeric gene by particle bombardment (also known as
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biolistic transformation) (Cassidy-Hanley et al. (1997),
(Grenetics 146:135-147). Particle bombardment transforma-
tion can be achieved in several ways. For example, nert or
biologically active particles can be propelled at cells under
conditions effective to penetrate the outer surface of the cell
and to be incorporated within the interior thereof. When 1nert
particles are utilized, the vector can be introduced into the cell
by coating the particles with the vector containing the chi-
meric gene. Alternatively, the target cell can be surrounded by
the vector so that the vector 1s carried into the cell by the wake
of the particle. Other variations of particle bombardment,
now known or hereafter developed, can also be used.

Microcarrier bombardment can also be used to transform
ciliate cells by means of DNA-loaded gold particles (U.S. Pat.
No. 6,087,124; EP 0 847 444; W0O1998/001572). In this
approach, microcarrier bombardment with DNA-coated gold
1s used as a means ol mtroducing heterologous genes into
ciliates. In some embodiments, microcarrier bombardment
can be used to transform ciliates and introduce genes into the
(germline) micronucleus. In other embodiments, DNA-
coated tungsten particles can be used for biolistic transforma-
tion.

Methods for selection of transformed cells harboring het-
erologous genes are known 1n the art. For example, the vector
can further comprise a selectable cassette marker to permait
selection for transformed cells (e.g., aneo 2 cassette) (Gaertig
et al. (1994), Nucleic Acids Res. 22:5391-5398. Selection of
transformants can be achieved by growing the cultured cili-
ates 1n a medium which allows only the transformants to
survive. Suitable selection agents include antibiotics which
will kill all non-transformants but allow transformants (which
also possess an antibiotic resistance gene) to survive. A num-
ber of antibiotic-resistance markers are known in the art. Any
known antibiotic-resistance marker can be used to transform
and select transtormed host cells in accordance with the
present invention. For example, a Tetrahymena cells homozy-
gous for a B allele micronuclear rDNA locus can be trans-
formed with an rDNA vector comprising (1) a transgene
cassette capable of driving expression of a recombinant
polypeptide encoded by the transgene and (2) a selection
marker that does not confer resistance to a selection agent
other than paromomycin.

Recombinant Polypeptides/Peptides

The genetically modified ciliates described herein can be
used to express a recombinant polypeptide or peptide of any
species and of any size. For example, the genetically modified
ciliates described herein can be transformed with an rDNA
vector or an rDNA rescue vector comprising a transgene
cassette capable of driving expression of a recombinant
polypeptide encoded by the transgene. In some embodiments,
the recombinant polypeptide or peptide can be a therapeuti-
cally usetul polypeptide or peptide. In other embodiments,
the polypeptide can be a mammalian polypeptide, for
example a human polypeptide, and can be, for example, a
growth factor, a cytokine, a chemokine or a blood polypep-
tide. The recombinant polypeptide or peptide can be
expressed primarily 1n an inactive form 1n the host cell. In
certain embodiments, the recombinant polypeptide or peptide
1s between about 1 kDa to about 10 kDa, between about 10
kDato about 20 kDa, between about 20 kDa to about S0 kDa,
between about 50 kDa to about 100 kDa, between about 100
kDa to about 200 kDa, between about 200 kDa to about 400
kDa, between about 400 kDa to about 800 kDa, between
about 800 kDa to about 1,500 kDa, or greater than 1,500 kDa.
In certain embodiments, the recombinant polypeptide or pep-
tide 1s a peptide of at least 5, 10, 15, 20, 30, 40, 50 or 100

amino acids.
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In some embodiments, the nucleotide sequence of the
transgene encoding the recombinant peptide can be modified
to have properties that promote for translation 1n the Tetraly -
mena or genetically modified ciliates described herein. For
example, 1n Tetrahyvmena, the ATG start codon, the TGA stop
codon, and A-rich regions before translation mnitiation sites,
Kozak sequences, poly-A site can be operably linked to a
heterologous coding sequence. Codon usage corresponding,
to Tetrahymena spp. has also been described, and methods to
modily heterologous coding sequences in accordance with
codon usage, for example through silent mutagenesis, or
through mutagenesis resulting in conservative amino acid
substitutions are readily known to one skilled 1n the art
(Wuitschick and Karrer (1999)).

Transgenes suitable for use with the methods and geneti-
cally modified ciliates described herein include genes encod-
ing polypeptides that are, e.g., at least about 60%, 70%, 73%,
80%, 90%, 95%, or at least about 99% or more 1dentical to
any available polypeptide.

Transgenes suitable for use with the methods and compo-
sitions described can be any naturally occurring or synthetic
(artificial) therapeutic, diagnostic, bio-molecule, peptides,
polypeptides, or polypeptides that can be modified as dis-
cussed by the present invention. Some examples of trans-
genes include, but are not limited to, e.g., alpha-1 antitrypsin,
angiostatin, antthemolytic factor, antibodies (including an
antibody or a functional fragment or derivative thereof
selected from: Fab, Fab', F(ab).sub.2, Fd, Fv, ScFv, diabody,
tribody, tetrabody, dimer, trimer or mimbody), angiogenic
molecules, angiostatic molecules, apolipopolypeptide, apo-
polypeptide, asparaginase, adenosine deaminase, atrial natri-
uretic factor, atrial natriuretic polypeptide, atrial peptides,
angiotensin family members, Bone Morphogenic Polypep-
tide (BMP-1, BMP-2, BMP-3, BMP-4, BMP-5, BMP-6,
BMP-7, BMP-8a, BMP-8b, BMP-10, BMP-135, etc.); C-X-C
chemokines (e.g., T39765, NAP-2, ENA-78, Gro-a, Gro-b,
Gro-c, IP-10, GCP-2, NAP-4,SDF-1, PF4, MIG), Calcitonin,
CC chemokines (e.g., monocyte chemoattractant polypep-
tide-1, monocyte chemoattractant polypeptide-2, monocyte
chemoattractant polypeptide-3, monocyte inflammatory
polypeptide-lalpha, monocyte nflammatory polypeptide-
1beta, RANTES, 1309, R83915, R91733, HCC1, T58847,
D31065, T64262), CD40 ligand, C-kit Ligand, Ciliary Neu-
rotrophic Factor, Collagen, Colony Stimulating Factor
(CSF), Complement factor 5a, Complement inhibitor,

Complement receptor 1, cytokines, (e.g., epithelial Neutro-
phil Activating Peptide-78, GROalpha/MGSA, GRObeta,

GROgamma, MIP-1alpha, MIP-ldelta, MCP-1), deoxyribo-
nucleic acids, Epidermal Growth Factor (EGF), Erythropoi-
ctin (“EPO”, representing a preferred target for modification
by the incorporation of one or more non-natural amino acid),
Extfoliating toxins A and B, Factor IX, Factor VII, Factor VIII,
Factor X, Fibroblast Growth Factor (FGF), Fibrinogen,
Fibronectin, G-CSF, GM-CSF, Glucocerebrosidase, Gona-
dotropin, growth factors, Hedgehog polypeptides (e.g.,
Sonic, Indian, Desert), Hemoglobin, Hepatocyte Growth
Factor (HGF), Hepatitis viruses, Hirudin, Human serum albu-
min, Hyalurin-CD44, Insulin, Insulin-like Growth Factor
(IGF-1, IGF-II), interferons (e.g., interieron-alpha, inter-
feron-beta, interferon-gamma, interferon-epsilon, interferon-
zeta, interferon-eta, interferon-kappa, interferon-lamda,
interferon-tau, interferon-c, interferon-omega), glucagon-
like peptide (GLP-1), GLP-2, GLP receptors, glucagon, other
agonists of the GLP-1R, natriuretic peptides (ANP, BNP, and
CNP), Fuzeon and other inhibitors of HIV fusion, Hurudin
and related anticoagulant peptides, Prokineticins and related
agonists 1mcluding analogs of black mamba snake venom,
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TRAIL, RANK ligand and its antagonists, calcitonin, amylin
and other glucoregulatory peptide hormones, and Fc frag-
ments, exendins (including exendin-4), exendin receptors
interleukins (e.g., 1L-1, I1L-2, IL-3, IL-4, IL-5, IL-6, IL-7,
IL-8, IL-9,1L-10, IL-11,IL-12, etc.), I-CAM-1/LFA-1, Kera-
tinocyte Growth Factor (KGF), Lactoferrin, leukemia inhibi-
tory factor, Luciferase, Neurturin, Neutrophil inhibitory fac-
tor (NIF), oncostatin M, Osteogenic polypeptide, Parathyroid
hormone, PD-ECSF, PDGF, peptide hormones (e.g., Human
Growth Hormone), Oncogene products (Mos, Rel, Ras, Rat,
Met, etc.), Plelotropin, Polypeptide A, Polypeptide G, Pyro-
genic exotoxins A, B, and C, Relaxin, Renin, ribonucleic
acids, SCF/c-kit, Signal transcriptional activators and sup-
pressors (p53, Tat, Fos, Myc, Jun, Myb, etc.), Soluble
complement receptor I, Soluble I-CAM 1, Soluble interleukin
receptors (IL-1, 2, 3, 4, 5,6, 7,9, 10, 11, 12, 13, 14, 15),
soluble adhesion molecules, Soluble TNF receptor,
somatomedin, somatostatin, somatotropin, streptokinase,
superantigens, Staphylococcal enterotoxins (SEA, SEB,
SEC1, SEC2, SEC3, SED, SEE), Steroid hormone receptors
(such as those for estrogen, progesterone, testosterone, aldos-
terone, LDL receptor ligand and corticosterone), superoxide
dismutase (SOD), Toll-like receptors (such as Flagellin),
Toxic shock syndrome toxin (TSST-1), Thymosin alphal,
Tissue plasminogen activator, transforming growth factor
(T'GF-alpha, TGF-beta), Tumor necrosis factor beta (TNF-
beta), Tumor necrosis factor receptor (1 NFR), Tumor necro-
s1s factor-alpha (TNF-alpha), transcriptional modulators (for
example, genes and transcriptional modular polypeptides that
regulate cell growth, differentiation and/or cell regulation),
Vascular Endothelial Growth Factor (VEGF), virus-like par-
ticle, VLA-4/VCAM-1, Urokinase, signal transduction mol-
ecules, estrogen, progesterone, testosterone, aldosterone,
LDL, corticosterone amidase, amino acid racemase, acylase,
dehalogenase, dioxygenase, CD40L/CD40, diarylpropane
peroxidase, epimerase, epoxide hydrolase, esterase,
1Isomerase, kinase, glucose 1somerase, glycosidase, glycosyl
transierase, haloperoxidase, monooxygenase, lipase, lignin
peroxidase, nitrile hydratase, nitrilase, protease, phosphatase,
subtilisin, transaminase, nuclease, a cytokine, Factor VII,
Factor VIII, Factor IX, Follitropin, G-CSF, GM-CSF, GLP-1,
human growth hormone, interferon-alpha, mterferon-beta,
interferon-gamma, interferon-omega., interferon-tau, a tran-
scriptional modulator that modulates cell growth, differentia-
tion, or regulation, expression activator, inflammatory mol-
ecule, growth factor, growth factor receptor, and oncogene
product.

Target molecules include transcriptional modulators, sig-
nal transduction molecules and oncogene products, which
may be found 1n prokaryotes, viruses, and eukaryotes, includ-
ing fungi, plants, yeasts, msects, and animals, including
mammals, providing a wide range of therapeutic targets. It
will be appreciated that expression and transcriptional acti-
vators regulate transcription by many mechanisms, €.g., by
binding to receptors, stimulating a signal transduction cas-
cade, regulating expression of transcription factors, binding
to promoters and enhancers, binding to polypeptides that bind
to promoters and enhancers, unwinding DNA, splicing pre-
mRNA, polyadenylating RNA, and degrading RNA.

Examples of transcriptional modulators or expression acti-
vators include but are not limited to: cytokines, inflammatory
molecules, growth factors, their receptors, and oncogene
products, e.g., interleukins (e.g., IL-1, IL-2, IL-8, etc.), inter-
terons, FGF, IGF-I, IGF-II, FGF, PDGF, TNF, TGF-alpha,
TGF-beta, EGF, KGF, SCF/c-Kit, CD40L/CD40, VLA-4/
VCAM-1, ICAM-1/LFA-1, and hyalurin/CID44; signal trans-

duction molecules and corresponding oncogene products,
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¢.g., Mos, Ras, Ral, and Met; and transcriptional activators
and suppressors, €.g., p33, Tat, Fos, Myc, Jun, Myb, Rel, and
steroid hormone receptors such as those for estrogen, proges-
terone, testosterone, aldosterone, the LDL receptor ligand
and corticosterone.

Other transgenes suitable for use with the methods and
genetically modified ciliates described herein include genes
encoding enzymes (e.g., mndustrial enzymes) or portions
thereol. Examples of enzymes include, but are not limited to,
¢.g., amidases, amino acid racemases, acylases, dehalogena-
ses, dioxygenases, diarylpropane peroxidases, epimerases,
epoxide hydrolases, esterases, 1somerases, kinases, glucose
1somerases, glycosidases, glycosyl transierases, haloperoxi-
dases, monooxygenases (e.g., p450s), lipases, lignin peroxi-
dases, nitrile hydratases, nitrilases, proteases, phosphatases,
subtilisins, transaminase, and nucleases.

Other transgenes suitable for use with the methods and
genetically modified ciliates described herein include genes
encoding vaccine polypeptides, e.g., in polypeptides from
infectious fungi, e.g., Aspergillus, Candida species; bactena,
particularly E. coli, which serves a model for pathogenic
bacteria, as well as medically important bacteria such as
Staphyviococci (e.g., S. aureus), or Streptococci (e.g., S. pneu-
moniae); protozoa such as sporozoa (e.g., Plasmodia), rhizo-
pods (e.g., Entamoeba) and flagellates (Trypanosoma, Leish-
mania, Trichomonas, Giardia, etc.); viruses such as (+) RNA
viruses (examples imclude Poxviruses, e.g., vaccinia; Picor-
naviruses, €.g., polio; Togaviruses, e.g., rubella; Flaviviruses,
¢.g., HCV; and Coronaviruses), (-) RNA viruses (e.g., Rhab-
doviruses, e.g., VSV; Paramyxovimses, €.g., RSV; Orth-
omyxovimses, €.g., influenza; Bunyaviruses; and Arenavi-
ruses), dsDNA viruses (Reoviruses, for example), RNA to
DNA viruses, 1.e., Retroviruses, e.g., HIV and HTLV, and
certain DNA to RNA viruses such as Hepatitis B.

Other transgenes suitable for use with the methods and
genetically modified ciliates described herein include genes
encoding agriculturally related polypeptides such as insect
resistance polypeptides (e.g., the Cry polypeptides), starch
and lipid production enzymes, plant and 1nsect toxins, toxin-
resistance polypeptides, Mycotoxin detoxification polypep-
tides, plant growth enzymes (e.g., Ribulose 1,5-Bisphosphate
Carboxylase/Oxygenase, “RUBISCO™), lipoxygenase
(LOX), and Phosphoenolpyruvate (PEP) carboxylase are also
suitable target molecules.

Transgenes suitable for use with the methods and geneti-
cally modified ciliates described herein include genes encod-
ing can be modified according to any method known 1n the art
to altering one or more therapeutic, diagnostic, or enzymatic
properties of the target polypeptide. Examples of therapeuti-
cally relevant properties include serum half-life, shelf hali-
life, stability, immunogenicity, therapeutic activity, detect-
ability (e.g., by the inclusion of reporter groups (e.g., labels or
label binding sites)) in the non-natural amino acids, specific-
ity, reduction of L350 or other side effects, ability to enter the
body through the gastric tract (e.g., oral availability), or the
like. Examples of relevant diagnostic properties include shelf
half-life, stability (including thermostability), diagnostic
activity, detectability, specificity, or the like. Examples of
relevant enzymatic properties include shelf hali-life, stability,
specificity, enzymatic activity, production capability, resis-
tance to at least one protease.

EXAMPLES

The following examples illustrate the present mvention,
and are set forth to aid in the understanding of the invention,
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and should not be construed to limit in any way the scope of
the invention as defined 1n the claims which follow thereaftter.

Example 1
Genetically Modified Ciliates

Genetic instability (e.g., loss of transgenes) 1 Tetrahy-
mena strains containing recombinant rDNA chromosomes
can be shown by loss of the transgene polypeptide product
and direct visualization of recombination of the recombinant
rDNA chromosome (FIG. 1). Genetic instability poses a seri-
ous limitation to the use of transgenic 1. thermophila strains
for polypeptide production purposes and would preclude
them from use 1n the production of therapeutic polypeptides.
Genetic stability of strains containing transgenes in both
‘arms’ of the palindrome can be problematic in the presence
of rDNA palindromes lacking the isert in 1 or both arms.
Once the cell contains only rDNA with mserts in both arms,
stability will be relatively complete. In most cases strains
created following transformation with an rDNA vector con-
tain a mixture of complete transgenic, hybrid (one arm wild-
type and one arm transgene) and wild-type rDNA chromo-
somes (FIG. 1).

As described herein, the current invention employs geneti-
cally distinct and novel 7. thermophila strains that are geneti-
cally modified to be used in conjunction with rDNA based
expression vectors leading to the generation of genetically
stable recombinant rDNA chromosomes. These genetically
modified strains can be useful for the production of a polypep-
tide of interest from a transgene.

Elements of the polypeptide production system described
herein can comprise:

1) A universal recipient cell line optimized for etficient
insertion of a cassette contaiming a given transgene into
an rDNA mini-chromosome. The universal recipient
line 1s a homozygous heterokaryon for a lethal micro-
nuclear knock-out of one or more rDNA genes 1n the
rDNA locus)(tDNA*“/rDNA®.

2) An rDNA rescue vector. This vector contains a complete
micronuclear rDNA sequence complete with adjacent
CBS sequences (see FIG. 2D).

In one embodiment, the replacement insert contains no
additional selective marker. Accordingly, rescue of the rDNA
KO, with consequent restoration of rDNA expression from a
macronuclear rtDNA chromosome, 1s necessary and suificient
for homozygous progeny viability.

A “production cell line” 1s generated by transformation
with the rDINA rescue vector 1n a cross of two mating types of
the universal recipient cell line, followed by selection against
cells that have failed to develop a new macronucleus. Only the
progeny from the desired transformants will survive as
exconjugants.

This system exploits the advantages of high rDNA copy
number for increased gene expression. Because the maxi-
mum transcription level 1s potentially very high, 1t would
compensate for the use of a weaker but less toxic promoter
than MTT1. Additionally 1t confers maximum ftlexibility for
adjusting expression levels to below the point at which a
particular transgene might reduce growth rate (and could thus
select for mutations that knock down gene expression, 1.e.,
instability) during the prolonged growth with the high level of
gene expression required 1n the bioreactor.

The production line 1s stable because there 1s essentially no
probability of separating the rDNA rescue sequence from the
transgene by homologous recombination. It 1s thus free of the
recombination-mediated instability observed for replicative
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rDNA vectors designed to out-replicate the ever-present
endogenous rDNA. The transgene can be lost only through
excision by a spontaneous, homology-independent deletion
event.

Because the transgene “piggy-backs™ on the rDNA rescue
segment, the vector provides built-in selection for transgene
insertion 1 generating the production cell line. Thus, even the
insertion of a deleterious transgene can be selected for.

The approach allows immprovement of production cells
lines by the classical, preconception-iree approach of shot-
gun mutagenesis followed by selection or screening for
increased production. The desirable mutations can be sought
either 1n the MIC or directly in the MAC.

As described herein, universal recipient lines can be engi-
neered to be homozygous heterokaryons for a knockout of
one or more rDNA genes 1n the micronuclear rDNA locus.
These lines can also comprise an extrancous DNA cassette.
These cell lines can be genetically pre-engineered in their
MIC for any desired features (e.g., appropriate glycosyla-
tion). All these elements can be independently developed and
then combined by crossing—an advantage of a MIC-based
system.

Fertile cell lines of two different mating cells can be used.
One of the two cell lines should also be a homozygous het-
erokaryon for a selective drug resistance marker (e.g., cyclo-
heximide), to as be able to select against cells that failed to
differentiate a new macronucleus. The advantage of using
only one drug resistant line 1s that drug resistant homozygote
heterokaryons, 1f/when needed, can be regenerated from the
progeny aiter assortment and a star cross.

Generating Production Cell Lines by Inserting the Trans-
gene 1nto the Umversal Recipient Cell Lines.

To 1nsert the transgene, two different mating type versions
of umversal recipient (UR) cell lines can be crossed to one
another and differentiating macronucler can be transformed
with the rescue vector. In the rDNA knockout approach, only
the vector derived rDNA will yield a functional rDNA palin-
dromic chromosome 1n the mac. The mic version may be
processed during mac formation but should be rapidly lost
during subsequent growth since it contains no functional
rDNA and no selectable marker. Only the vector derived
rDNA should be maintained in the progeny cells.

Constructing the Universal Recipient Cell Lines with an
rDNA KO.

An example of a strategy to generate a micronuclear rDNA
knockout strain 1s shown 1n Example 4.

MAC-Based Shotgun Mutagenesis Optimization of a Pro-
duction Cell Line.

Vegetatively growing production cell lines can be
mutagenized and can be screened for higher transgene
expression. Such screens can be performed using, for
example, high throughput Western dot blots or mass spec-
trometry or any other method suitable for detecting the
expression of a gene known 1n the art.

A MIC-Based Method for Shotgun Optimization of Pro-
duction Cell Lines.

One or both production cell lines can be mutagenized and
crossed to one another 1n order to perform a classical selection
for MIC mutations that boost expression. For example, F1
cells can be grown vegetatively and periodically screened for
assortants with high level of expression using, for example,
high throughput Western dot blots or mass spectrometry or
any other method suitable for detecting the expression of a
gene known 1n the art.

Rescue by Macronuclear Transformation.

Macronuclear transformation can also be used with the
methods described in this example. In another embodiment,

10

15

20

25

30

35

40

45

50

55

60

65

32

micronuclear transformation can be used with the methods
described 1n this example. MIC- and MAC-based systems are
not mutually exclusive and, can be developed side-by-side.

One consideration associated with rDNA based expression
methods 1s that of the formation of a palindrome following,
excision and recombination from the vector at the CBS sites.
Palindrome formation can be incomplete when recombina-
tion with one arm of the wild type sequence gives rise to a
hybrid. Subsequent recombination can occur either between
hybrids or between hybrid and wild type to form more wild
type. Phenotypic assortment gives rise to the various final
configurations. In most cases strains contain a mixture of
complete transgenic, hybrid (one arm wild-type and one arm
transgene) and wild-type rDNA chromosomes upon transior-
mation with an rDNA vector actually (FIG. 1). Strains con-
taining transgenes in both arms of the palindrome are geneti-
cally stable whereas strains that contain hybrid rDNA
chromosomes (a large percentage of transformants) recom-
bine and revert to a wild-type rDNA palindrome over many
generations. Strains containing only palindromic molecules
with transgenes 1n both arms are stable. Strains containing
any mix of double transgene, hybrid and wild type molecules
are potentially unstable. This re-conversion can result 1n a
loss of the transgene and thus 1n loss of target polypeptide
expression. Viability of progeny resulting from conjugation 1s
conditional upon transformation with a vector encoding the
corresponding functional rRNA, and optionally a transgene
of iterest. Thus, cells which pair (e.g., the first step 1n con-
jugation) but do not subsequently undergo the complete pro-
cess of mating before becoming committed, or cells which
separate aiter aborting the differentiation of new macronuclel
(and keeping the parental macronucleus), are not aifected and
can survive conjugation.

Example 2

Exemplary Protocol for Generating a Universal
Recipient Cell Line Lacking a Functional
Micronuclear rDNA Locus (rDNA Knockout

Strains)

A summary of this protocol 1s shown 1n Example 4.

Described 1n this example 1s the generation of a 1. thermo-
phila strain that contains a mutation 1n the rDNA locus such
that one or more rRNA encoding genes in the micronuclear
rDINA locus are non functional (e.g. knocked out). This strain
will ensure that only rDNA derived form the transformation
vector 1s present in the MAC following transformation. (since
only successiul transformants will survive). Strains deficient
in the rDNA will be transformed 1n the macronucleus with a
novel vector that contains the transgene and the complete
rDNA. Subsequent maintenance of recombinant rDNA chro-
mosomes 1s ensured since only the sexual progeny resulting
from successiul transformation will survive.

This method has the advantages that (1) 1t can ensure
genetic stability of strains, and (2) the cell lines are stably
transformed, thereby enabling selection of cell lines that carry
the transgene by mutagenizing the MAC.

As used herein “Mpr” refers to 6-methylpurine resistance,
“Mps” refers to 6-methylpurine susceptibility, “Pmr” refers
to paromomycin resistance and “Pms” refers to susceptibility.

Parent strains:

(1) CU428 Mpr/Mpr (mps, VII) and homozygous for muta-

tion conferring resistance to 6-methylpurine 1n micro-
nucleus. They are sensitive to 6-methylpurine (6 mp) in
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macronucleus. Mating type VII. The 6 mp will be nec-
essary for the subsequent macronuclear transformation
with rescue vector.

(2) B2086 Mps/Mps (mps, MT II) (mps 1s needed to allow
assortment of macronuclear 1 progeny). Wild type
strain. Mating type II.

Vector:

Plasmid containing the rDNA®*® construct with paromo-
mycin (Pmr) selectable marker cassette plus appropnate
flanking targeting sequences.

Mate:

CU428xB2086 and Transform (biolistic) at crescent stage
of conjugation 3.5-4.5 hours after initial pairing (temperature
dependent). Allow cells to complete conjugation. Parents are:
Mpr/Mpr (mps, VII); Mps/Mps (mps, MT 1I)

Progeny:

(1) transformed [Mpr/Mps, rDNA"?/rfDNA*“pmr (mpr,

pmr)], and

(2) non-transformed [Mpr/Mps, rDNA"*/rDNA"* (mpr,
pms)]|. Select with paromomycin to i1dentily transior-
mants. Replicate pmr clones into 6-mp and select with
6-methylpurine to eliminate vegetative transformants
(not progeny). Save pmr, mpr clones. Serial transfer in
absence of drugs at 2 temperatures. The critical period
during which temperature afifects mating type frequen-
cies 1s during MAC differentiation.

Another factor 1s early (before 9 hr) vs. late (~24 hr) re-
teeding (after mixing cells to start the cross at 35° C.). Early
re-feeding and high temperature work in tandem to increase
mt IV, while the opposite conditions decrease 1t and increase
other mating types.

Two conditions can be used [(1) re-feeding before 9 hours
in a35° C. cross, and (2) re-feeding at 48 hrs ina 25° C. cross]
to mature clones to different mating types and phenotypically
assort macronucler to pms and mps. Test phenotypic assort-
ment. This produces clones that are Mpr/Mps, rDNA"?/rD-
NApmr (mps, pms) in different mating types.

Mate mature clones to “star” line lacking functional micro-
nucleus and isolate mating pairs (RdI pairs) and individual
ex-conjugants for each pair. This mating creates 100%
homozygous micronucle1 in each mating pair and aborts prior
to the formation of a new macronucleus. The resultant pairs
will represent all 4 of the meiotic products from the parent
micronucleus:

Mpr/Mpr, rDNA”*/rDNA"? (mps, pms)
Mps/Mps, tDNA”?/rDNA"? (mps, pms)
Mps/Mps, IDNA*“pmr/rDNA*“pmr (mps, pms)
Mpr/Mpr, tDNA*“pmr/rDNA*“pmr (mps, pms)

Grow exconjugants. Starve and mate exconjugants from
cach individual pair (RdII mating) to bring micronuclei into
expression. This mating can be a test cross (e.g. to a cyclo-
heximide heterokaryon) to identify which exconjugants are
homozygous in their MIC for Mpr and the rDNA*“pmr.
Mating strains that both carry the rDNA* will be lethal.

Wait 24 hours for mating to be completed. Re-feed.

Replicate to paromomycin to select for KO construct in
RdI micronucleus and from paromomycin to 6-methylpurine
to 1dentily those RdI micronuclei also homozygous for Mpr.
From the RdlI clones identified as homozygous 1n the micro-
nucleus for the -IDNA*“ and Mpr by the phenotype of the RdII
macronucleus, select the non-star exconjugate i1dentified by
mating type.

Save at least 2 different mating types.

Example 3
Micronuclear Knockout Vector

There are several considerations that can be important for
the design of the micronuclear rDNA knockout vector (see
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FIGS. 2,3, 4 and 5). These can include, but are not limited to:
(1) CBS function at both 3" and 5' sites should not be impaired
because 1nitial micronuclear selection must be based on
macronuclear expression, (2) the replication fork barrier
(RFB) located near the start of the 5' N'TS should be main-
tamned 1 the micronucleus following knockout to prevent
destabilization of micronuclear chromosome 1 (this 1s 1impor-
tant for future use of strain), (3) the 5' region of rDNA, which
1s required for palindrome replication, should be retained 1n
the micronuclear KO vector construct to permit maintenance
and selection in the new transformant macronucleus, (4) the 3'
rDNA sequence 1n the micronuclear KO construct must be
distal to the MCS site 1n the 3' N'TS to prevent possibility of
loss ofthe transgene by recombination during or after anlagen
development (this 1s possible because there are about 1500 bp
downstream of that site which can be used for targeting), and
(5) the sites previously shown to give functional palindrome
formation and lower copy number (300 copies on average)
can be used to provide selection against fewer copies of the
micronuclear version.

As shown 1 FIGS. 4 and 3, the pD5HS vector has an

overall size of about 13935 base pairs. The rDNA gene
sequences are located between positions 200-10683 1n the
sequence as shown.

Deletion of these sequences can make the vector shorter
and more amenable for transformation. Another advantage of
using this flanking region 1s that the shorter construct gives on
average 370 copies of rDNA upon macronuclear transforma-
tion whereas constructs with a longer tlanking region result in
up to 10,000 copies of the construct. This reduction 1n copy
number enables better selectability for a resistance marker.

The micronuclear knockout cassette can be placed between

positions 5742 and 12940 of pD3HS. Doing so (1) fulfills the
requirements for processing and palindrome formation at the
St end, (2) does not disturb the Replication Fork Barrier
(RFB) such that micronuclear chromosome 1 stability 1s
unaffected, (3) loss of the gene of interest by recombination
with any remaining KO construct from the micronucleus 1s
prevented, (4) at least 1500 bases are provided for targeting
the transformation, (35) expression ol the micronuclear ver-

sion 1s enabled for selection purposes but the number of
micronucleus derived palindromes made 1n the new macro-
nucleus 1s minimized (300 or so from studies of macronuclear
transformation with similar construct vs. 10,000), (6) increas-
ing the speed with which the construct 1s lost 1n developing
nuclel when selection 1s not present minimizing the expendi-
ture of resources (by not causing the cell to make something
that 1s not needed for cell survival.

Deletion of the 5' flank should proceed upstream beyond
1646 bp to avoid destabilizing micronuclear chromosome 1,
since 1t has been shown that further removal of the upstream
region causes fragmentation of the entire micronuclear chro-
mosome 1 (Yakisch and Kapler, 2006). However, the 5' flank
could be extended downstream 1nto the 175 11 desired. Lim-
iting the 5' flanking region to between bases 1646-2412 in the
rDNA bases 5742-6458 i pD5HS sequence) decreases the
number of copies of the defective micronuclear palindrome
made during conjugation but still ensures that suificient cop-
ies are produced to allow macronuclear expression of the
selection cassette present 1n the micronuclear knockout cas-
sette. Using the 1646 bp site makes for a slightly shorter
transiformation vector for micronuclear knockout. The region
between 1646 and 8261 can be deleted and still give suificient
palindrome formation and not afiect the stability of micro-
nuclear chromosome 1 (Blomberg et al. (1997)).




US 8,004,374 B2

35

As described herein, extending the length of the 3' retained
region 1s an option but will give higher copy number of the
mic version following conjugation.

Example 4
(Generation of Micronuclear rDNA Knockout

Parent Strains:

CU428 Mpr/Mpr (mps, VII)

Homozygous for mutation conferring resistance to 6-me-
thylpurine 1n micronucleus. Sensitive to 6-methylpurine
(6 mp) 1n macronucleus. Mating type VII. The 6 mp will
be necessary for the subsequent mac transformation
with rescue vector.

B2086 Mps/Mps (mps, MT II)

Wild type strain. Mating type I1.

Vector:

Plasmid containing either the CBS KO construct or the
rDNA KO construct with paromomycin (Pmr) select-
able marker cassette plus appropnate flanking targeting
sequences.

Mate: CU428xB2086

Transtorm (biolistic) at crescent stage of conjugation 3.5-
4.5 hours after mitial pairing (temperature dependent).

Allow cells to complete conjugation.

Parents: Mpr/Mpr (mps, VII); Mps/Mps (mps, MT II)

Progeny: transformed Mpr/Mps, rDNA/KOpmr (mpr,
pmr)
non-transformed: Mpr/Mps, iIDNA/rDNA (mpr, pms)

Select with paromomycin to identily transformants. Carry
out all iitial treatments at different temperatures to generate
different mating types.

Replicate pmr clones into 6-mp and select with 6-meth-
ylpurine to eliminate vegetative transformants (not progeny).

Save pmr, mpr clones. Serial transfer 1n absence of drugs at
different temperatures to mature clones and to phenotypically
assort macs to pms and mps. This produces clones that are
Mpr/Mps, rDNA/KOpmr (mps, pms) in different mating
types.

Mate mature clones to “star” line lacking functional micro-
nucleus and 1solate mating pairs (RdI pairs) and individual
ex-conjugants for each pair. This mating creates 100%
homozygous micronuclel in each mating pair and aborts prior
to the formation of a new mac. The resultant pairs will rep-
resent all 4 of the meiotic products from the parent mic. The
25% of the clones shown 1n red are the desired genotype and
phenotype. These clones can be 1dentified by doing a second
round of mating (RdII—essentially a self mating) and 1solat-
ing individual RdII pairs form each RdI clone. Homozygous
KO lines will not produce viable RdII progeny. Mpr pheno-
type can be determined by outcrossed to a diploid wild type
strain (outcross to a diploid will produce viable progeny), and
testing for methylpurine resistance.

Mpr/Mpr, rDNA/rDNA (mps, pms)
Mps/Mps, rDNA/rDNA (mps, pms)
Mps/Mps, KOpmr/KOpmr (mps, pms)
Mpr/Mpr, KOpmr/KOpmr (mps, pms)

Example 5
rDNA KO Tetrahymena Spp. Strains

Materials.

letrahymena cells will be cultured in NEFF medium
(0.25% proteose peptone, 0.25% yeast extract, 0.55% glu-
cose, 33 mM FeCl, ) supplemented, when required, with paro-
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momycin at a final concentration of 100 mg/ml. All medium
components can be acquired from VWR. Restriction
enzymes used 1n cloning and Phusion polymerase for PCR
can be purchased from New England Biolabs. Electrocom-
petent Lischerichia coli Top 10 can be purchased from Invit-
rogen. For Biolistic transformations DNAdel™ S550d gold
carrier particle suspension can be purchased from Seashell

Technology and filter paper from Whatman.
Methods: Construction of an rDNA Knockout (KO) Vector.

To create the backbone of the rDNA KO vector, forward
(S'-TTAGGTACCACCAAACCAAAAGACCTAA) (SEQ
ID NO: 4) and reverse (S-TTAGGTACCTATTTTCAC-
TAAGTCTAATTTAATTTAG) (SEQ ID NO: 5) primers will
be used to amplity all of rDNA vector pDSHS except that
portion which contains the 17s, 5.8s and 26s rDNA sequences
but while maintaining the chromosomal breakage sites (CBS)
and the ability to form a functional palindrome (FIG. 6). Both
primers will contain Kpnl sites that are incorporated into both
ends of the amplified product. The 5,924 bp product will be
digested with Kpnl, gel purified away from the rDNA portion
of the vector and dephosphorylated. Amplification of the

neomycin resistance gene cassette will be performed using
forward (S'-TTAGGTACCATCTTCAAAGTATGGAT-

TAATTATTTC) (SEQ ID NO: 6) and reverse (5'-TTAGG-
TACCCTGCATTTTTCCAGTAAAAAT) (SEQ ID NO: 7)
primers using vector pTIEV4 as template. Amplification of
the neomycin resistance cassette will result in a 1,477 bp
DNA fragment with Kpnl restriction sites at both the 5" and 3!
ends. This product will be gel punified then digested with
Kpnl. The neomycin resistance cassette mnsert will be ligated
into the digested backbone and the ligation will be trans-
formed 1nto Top 10 E. coli. Ampicillin resistant colonies will
be screened by colony PCR using forward primer (5'-Al-
GAAGCAGACTCGCTTAAAAATG) (SEQ ID NO: 8) and
reverse primer (S-ATTTTTGCATCAATTTCCACTTA)
(SEQID NO: 9). Plasmid DNA will be purified from colonies
that show amplification of a 1,830 bp product. Plasmid DNA
will then be sent for complete sequencing using a set of
primers designed to anneal about every 500 base pairs to
ensure there were no additional mutations and confirm con-
struction of the rDNA knockout vector (FIG. 7).

Generation of an rDNA KO Tetrahymena Strain.

Germ line biolistic transformation of conjugating 7etrahy-
mena thermophila cells will be performed 1n the following
way; B2086 and CU428 1. thermophila strains will be grown
in modified NEFF medium (0.25% proteose peptone, 0.25%
yeast extract, 0.55% glucose, 33 mM FeCl,) at 30° C. One
hundred ml of each logarithmically growing culture will be
centrifuged at 1,100xg for 2 minutes 1n o1l centrifuge tubes,
washed 1n 10 mM Tris pH 7.4 and resuspended in fresh 10
mM Tris pH 7.4 (starvation medium) at a concentration of
200,000-250,000 cells/ml. Cells will be incubated for 9-18
hours at 30° C. After starvation, B2086 and CU428 cell cul-
tures will be counted and cell concentration will be readjusted
to 200,000 cells/ml. To 1induce conjugation, 100 ml of each
strain will be mixed together in a 4 L flask and 1incubated for
30 minutes at 30° C. An on/oif shaking method will be used to
ensure synchronous pairing in the following way; after a 30
minute stationary incubation, the cells 1n the flask will be
subjected to shaking (100 rpm) for 30 minutes. The shaker
will be stopped for 15 minutes and then turned back on again
for 15 minutes. The last time the shaker 1s stopped will be
counted as the start of mating (0 hours post-mixing), since
cell pairing 1s inhibited by shaking.

Four transformations will be performed at 2.5, 3, 3.5 and 4
hours post-mixing using Biolistic PDS-1000/He Particle
Delivery System (BIO-RAD). For each transformation, 30 ul
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of DNAdel™ S550d gold carrier particle suspension (Sea-
shell Technology) will be coated with 4 ug of linearized
rDNA KO construct according to the manufacturer’s mstruc-
tions. S0 ml of conjugating cells are concentrated to ~1 ml by
centrifugation at 1,100xg 1n o1l centrifuge tubes for 2 min-

utes. Cells will be spread on a round 90 mm hardened paper
filter (Whatman, Cat. #1450-090) pre-wet with 1.5 ml 10 mM
Tris pH 7.4 1side a Petr1 dish. After the bombardment, the
filter with the cells will be transferred into a 500 ml flask
contaiming 50 ml 10 mM Tris pH 7.4. The flasks will be
incubated overnight on a slow shaker at 30° C. At 18 hours
post-mixing, 25 ml 3xNEFF medium will be added to the 50
ml of cell culture. At 28 hours post-mixing, 75 ul 100 mg/ml
paromomycin will be added (final paromomycin concentra-
tion, 100 ug/ml). Cells will be aliquoted into 96 well micro-
plates (150 ul per well). Atter 3-4 days, the microplates will
be examined and 5 ul from each of the wells contaiming
paromomycin-resistant cells will be transferred into 130 ul
NEFF medium containing 15 ug/ml 6-methylpurine (Sigma)
on a 96 well microplate. At least one well containing the cells
resistant to both paromomycin and 6-methylpurine will be
identified. Twelve single cells will be 1solated from this well
into 12 small drops of NEFF medium on a Petri dish. After the
cells divide and form colonies 1n the drops, 12 single cell
colomies will be transierred onto a 96 well microplate con-
taining NEFF medium. These single cell clones will be grown
in NEFF medium for 10 days (1 ul of the cells was transferred
into 150 ul of NEFF medium every day). After the cells
become sexually mature (~60 cell fissions), they will be
starved 1n 10 mM Tris pH 7.4 and mixed 1n different combi-
nations to select 2 strains of different mating types. Approxi-
mately 100 single cells will be 1solated from each of the two
strains of different mating types into drops of NEFF medium.
2 days later, the cells will be transierred to a NEFF medium on
a 96 well microplate and then replica plated to NEFF medium
containing 100 ug/ml paromomycin. Single cell clones of two
different mating types that assort to paromomycin-sensitive
phenotype will be tested for Mendelian segregation: cells will
be starved and mated with starved CU427 cells, which are
homozygous for a cycloheximide resistance marker.
Approximately 100 single pairs from this mating will be
1solated at 10 hours post-mixing 1nto drops of NEFF media.
After the conjugation 1s completed and the progeny have
given rise to cell colonies, the cells will be transterred into
NEFF media containing 135 ug/ml cycloheximide on a 96 well
microplate and, a day later, they will be replica plated from
the cycloheximide to paromomycin (100 ug/ml in NEFF).
The number of paromomycin-resistant colomes will be about
half of that of cycloheximide-resistant colonies, which wall
coniirm that the rDNA KO strains obtained are indeed germ
line transformants.

Round I genomic exclusion will be performed to make
homozygous rDNA knock-out heterokaryons. Each of the
two heterozygous rDNA KO strains of different mating types
will be starved and mated to “star” strain B*VI. Approxi-
mately 50 single pairs will be 1solated from each mating at 5
hours post-mixing into NEFF medium drops. When some of
the pairs separate (~10 hours post-mixing), the two cells from
cach separated pair will be 1solated 1nto two different drops.
The Petr1 dishes with the NEFF medium drops will be 1ncu-
bated for two days to allow Round I products to divide several
times. The single cell colonies will be then transferred into
microtiter plates containing NEFF medium. To distinguish
between the “star” and “non-star” sides of each pair of Round
I exconjugants, the cells will be replica plated to NEFF
medium containing 15 ug/ml 6-methylpurine. The 6-meth-

ylpurine resistant cells will be marked as “non-star” sides,
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since they will be derived from the germ line transformants
and not from the B*VI strain. The “non-star” Round I excon-

jugants homozygous for rDNA knock-out in the micro-
nucleus will be 1dentified by mating to CU4277 as described
aboveinthe Mendelian segregation test. One hundred percent
ol the cycloheximide-resistant progeny from the CU427 mat-
ing will be paromomycin-resistant 1f the Round 1 exconju-
gants were homozygous for rDNA knock-out. The “non-star”
exconjugants of Round I mating that meet this requirement
will be identified as homozygous rDNA knock-out heter-
okaryons.

Results.

To confirm that pD5HS8 vector, which contains genes
encoding for ribosomal RNA, can be utilized to introduce
rDNA 1nto the progeny of the homozygous rDNA knock-
outs, 1t will be transformed 1nto developing new macronuclei
of the conjugating homozygous rDINA knock-outs. One hun-
dred ml of each of the two homozygous rDNA knock-outs of
different mating types will be grown, starved and mated as
described above. Four biolistic transtormations will be per-
formed as described above between 9.5 and 10.5 hours post-
mixing. For each transformation, 30 ul of DNAdel™ S550d
gold carrier particle suspension are coated with 4 ug of
pD3H8 wvector according to manufacturer’s instructions.
After the bombardment, the filter with the cells will be trans-
ferred into a 500 ml flask containing 50 ml NEFF. The flasks
are incubated on a slow shaker for ~20 hours at 30° C. At ~30
hours post-mixing, 25 ml NEFF medium containing 300
ug/mlparomomycin will be added to the 50 ml of cell culture
(final paromomycin concentration, 100 ug/ml). Cells will be
aliquoted 1into 96 well microplates (150 ul per well). After 3-4
days, the microplates will be examined to 1dentily paromo-
mycin-resistant cells confirming complementation of the null

rDNA alleles in the homozygous knockout strain with the
pD3HS derived rDNA genes.

Example 6

Creation of the Paromomycin-Sensitive rDNA Vector
pITRAS

Materials.

letrahymena cells were cultured in NEFF medium (0.25%
proteose peptone, 0.25% veast extract, 0.55% glucose, 33
mM FeCl,) supplemented, when required, with paromomy-
cin at a final concentration of 100 mg/ml. All medium com-
ponents were acquired from VWR. Restriction enzymes used
in cloning and Phusion polymerase for PCR were purchased
from New England Biolabs. Electrocompetent Escherichia
coli Top 10 were purchased from Invitrogen. For Biolistic
transformations DNAdel™ 5550d gold carrier particle sus-
pension was purchased from Seashell Technology and filter
paper from Whatman.

Methods. Construction of an rDNA Vector Containing a
Wild-Type 17S rDNA Gene: pTRAS.

The reversion of the rDNA vector pD5HS from the mutant
paromomycin resistant form to the wild-type paromomycin
sensitive form (17S rDNA; A4490G) was pertormed by site-
directed mutagenesis with overlap extension (SOEing) PCR.
Amplification ofthe 410 bp upstream segment was performed
using pDSHS plasmid as template DNA with the primer pair
TR-WTF1 (3'-TTCCGTTAACGAACGAGACCT) (SEQ ID
NO: 10) and TR-WTR2 (3'-AGATACCTTGTTACGACT-
TCTTGTTGTTCCAAATGGTAG) (SEQ ID NO: 11).
Primer TR-WTR2 incorporates the A to G reversion and the
PCR product contains an endogenous upstream Spel restric-
tion site. Amplification of the 1173 bp downstream segment
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was performed from pDSHS8 plasmid DNA with the TR-
WTF2 (5'-CTACCATTTGGAACAACAAGAAGTCG-
TAACAAGGTATCT) (SEQ ID NO: 17) and TR-WTR1 (3'-
GACTCCTTCAATCTGAACCCA) (SEQ ID NO: 18)
primer pair. TR-WTR2 also incorporates the A to G reversion
and the PCR product contains an endogenous downstream
BseRI site. These two amplification products were then used
as the template 1n a SOFing PCR with TR-WTF1 and TR-
WTRI1 resulting 1n a 1496 bp product. This amplified product
was digested using Spel and BseRI restriction enzymes and
gel purified resulting 1n a 1065 bp DNA fragment that con-
tains the A to G reversion. pD5SHS plasmid was also digested
with Spel and BseRI and the 12,870 by piece gel purified.
These two DNA fragments were ligated together and trans-
formed into E. coli. Plasmids were purified from multiple
colonies and sequencing was used to confirm the A to G
reversion and ensure no additional mutations had occurred
(FIG. 7). The final construct was named pTRAS (Tetragenet-
ics rDNA Antibiotic Sensitive) and 1s shown 1 FIG. 8.

Construction of a pTRAS Vector Containing a Neomycin
Resistance Gene Marker.

To confirm the ability of the new pTRAS vector to restore
paromomycin resistance using a transgene cassette, an
expression cassette containing a neomycin resistance marker
gene was cloned into the pTRAS vector. The source of the
neomycin resistance marker gene was from the somatic inte-
gration vector pTTEV4 (FI1G. 9). This vector 1s routinely used
to create expression cassettes that place transgenes under the
control of the powertul Tetrahymena MTT5 inducible pro-
moter and that are subcloned into an rDNA vector (e.g.
pD3HS) for mtroduction and high-level expression 1n Tet-
rahyvmena. A pTIEV4 derived Notl fragment (4307 bp) con-
sisting of the MTT3 promoter, transgene, MTT1 terminator,
neomycin resistance marker gene and the MTT5 terminator
sequence was ligated 1nto the Notl restriction site of either
pTRAS or pD5HS. Notl 1s a unique restriction site i both
pD3HS and pTRAS. For the purposes of this experiment the
transgene incorporated into the expression cassette was a
previously cloned Tetrahyvmena codon optimized gene encod-
ing the human G-protein coupled receptor, CCR5. The use of
this transgene was arbitrary and was only used for the pur-
poses of this example. This ligation was transformed into £.
coli and individual colonies were screened for the presence of
insert by colony PCR using forward (5'-CTTGAATACAAT-
CATGAGTTCACC) (SEQ ID NO: 12) and reverse (5'-
GCAATTATGAATTACAACATCAACA) (SEQ ID NO: 13)
primers. Plasmids were then purified from colonies that
amplified the appropriate 1350 bp product. Additionally these
plasmids were digested with Notl to excise the transgene
insert and confirm its presence.

Transformation of ZTetrahymena Cells with pDS5HS,
pTRAS and pTRAS+Neomycin Resistance Gene Marker.

To prepare DNA for biolistic transformation into conjugat-
ing fTetrahymena strains, Escherichia coli Top 10 strains car-
rying plasmids pTRAS, pD5HS and pTRAS+neomycin resis-
tance gene marker were cultured 1n 25 ml Luria-Bertani (LB)
broth supplemented with ampicillin (100 ug/ml). Plasmids
were prepared using the HiSpeed Plasmid Midi Kit (Qiagen
CatNo. 12643) according to manufacturer’s instructions then
concentrated to 1.5-2 ug/ul by ethanol precipitation. B2086
and CU428 1. thermophila strains were grown 1n modified
NEFF medium (0.25% proteose peptone, 0.25% yeast
extract, 0.55% glucose, 33 mM FeCl,) at 30° C. One hundred
ml of each logarithmically growing culture was centrifuged at
1,100xg for 2 minutes 1n o1l centrifuge tubes, washed 1n 10
mM Tris pH 7.4 and resuspended 1n fresh 10 mM Tris pH 7.4
(starvation medium) at a concentration of 200,000-250,000
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cells/ml. Cells were incubated for 9-18 hours at 30° C. After
starvation, B2086 and CU428 cell cultures were counted and
cell concentration was readjusted to 200,000 cells/ml. To
induce conjugation, 100 ml of each strain were mixed
together in a 4 L flask. Four transformations were performed
between 9.5 and 10.5 hours post-mixing using a Biolistic
PDS-1000/He Particle Delivery System (BIO-RAD). For
cach transformation, 20 ul of DNAdel™ S550d gold carrier
particle suspension were coated with 4 ug of DNA construct
according to manufacturer’s mstructions. Fifty ml of conju-
gating cells were concentrated to ~1 ml by centrifugation at
1,100xg 1n o1l centrifuge tubes for 2 minutes. Cells were
spread on a round 90 mm hardened paper filter (Whatman)
pre-wet with 1.5 ml 10 mM Tris pH 7.4 inside a Petr1 dish.

After the bombardment, the filter with the cells was trans-
terred 1nto a 500 ml ﬂask containing 50 ml NEFF medium.

The flasks were 1incubated on a slow shaker for ~20 hours at
30° C. At 30 hours post-mixing, 25 ml NEFF medium con-
taining 300 ug/ml paromomycin was added to the 50 ml of
cell culture (final paromomycin concentration, 100 pg/ml).
Cells were aliquoted mnto 96 well microplates (130 ul per
well). After 3-4 days, the microplates were examined and S ul
from each of the wells containing paromomycin-resistant
cells were transierred into 150 ul NEFF medium containing
100 ng/ml paromomycin on a master 96 well microplate.

Results.

To verily the paromomycin sensitivity of the pTRAS vec-
tor 1t was biolistically transtormed into conjugating Tetraly-
mena cells. As controls, pD3SHS8 and pTRAS+neomycin resis-
tance gene marker were transformed 1nto the same batch of
conjugating cells. Since pD5HS has the 175 rDNA gene point
mutation A4490G, 1t should survive biolistic transformation
followed by selection with paromomycin. However, pTRAS
should not survive the neomycin selection because the
A4490G mutation has been reverted back to the wild-type
gene rendering strains carrying this plasmid paromomycin
sensitive. Lastly, the insertion of an expression cassette con-
taining a neomycin resistance marker gene should restore
neomycin resistance to the pTRAS vector and transformants
should be recovered with paromomycin selection after biolis-
tic transformation. Biolistic transformations were performed
in triplicate and the results are summarized in Table 1. In each
case, cells transformed with pD5HS led to the recovery of

paromomycin resistance clones. However, paromomycin
resistant clones were never recovered when cells were trans-
formed with pTRAS unless pTRAS additionally contained
the neomycin resistance gene marker.

TABL

L1

1

Generation of paromomycin resistant clones following transformation of
letrahymena cells with pD5HS, pTRAS and pTRAS + neomycin
resistance gene marker

pTRAS + Neomycin

Transformation pD3SHS pTRAS resistance gene marker
1 + 0 +
2 + 0 +
3 + 0 +

(Generation of paromomycin resistant clones following transformation of fetrahivmena cells
with pD3HS&, pTRAS and pITRAS + Neomycin resistance gene marker. Transformations
were carried out three times. A + symbol denotes the recovery of paromomycin resistant
colomies whereas O indicates the absence of paromomycicn resistant clones following
transformation.
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SEQUENCE LISTING

<l60> NUMBER OF SEQ ID NOS: 18

<210> SEQ ID NO 1

<211> LENGTH:
<212> TYPE:

14513
DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

polynucleotide

<400> SEQUENCE: 1

Ctttaactta

taattaattc

ttctgttact

atctcgagcet

ccetggegtt

tagcgaagag

gcgcctgatyg

cactctcagt

acccgctgac

gaccgtctcece

acgaaagggc

ttagacgtca

ctaaatacat

atattgaaaa

tgcggcattt

tgaagatcag

ccttgagagt

atgtggcgceg

ctattctcag

catgacagta

cttacttctg

ggatcatgta

cgagcgtgac

cgaactactt

tgcaggacca

agccggtgag

ccgtategta

gatcgctgag

atatatactt

cctttttgat

agaccccecgta

ctgcttgcaa

accaactctt

CLtttaaaaa

atttattgat

aatagcttgyg

cgcgaaagct

acccaactta

gccecocgcaccy

cggtattttc

acaatctgct

gcgccectgac

gggagctgca

ctcgtgatac

ggtggcactt

tcaaatatgt

aggaagagta

tgccttectyg

ttgggtgcac

tttcgececeey

gtattatccc

aatgacttgyg

agagaattat

acaacgatcyg

actcgcctty

accacgatgc

actctagcectt

cttctgecgcet

cgtgggtctc

gttatctaca

ataggtgcct

tagattgatt

aatctcatga

gaaaagatca

dCadaadaac

tttccgaagy

ttaaaccaac

aatgcataag

ctgcaggtcy

tggcactggc

atcgceccecttgc

atcgcccttc

tccttacgca

ctgatgccgc

gggcttgtct

tgtgtcagag

goctattttt

ttcggggaaa

atccgctcat

tgagtattca

tttttgctca

gagtgggtta

aagaacgttt

gtattgacgc

ttgagtactc

gcagtgctgce

gaggaccgaa

atcgttggga

ctgtagcaat

ccocggcaaca

cggcccttec

gcggtatcat

cgdacggyggay

cactgattaa

taaaacttca

ccaaaatccc

aaggatcttc

caccgctacc

taactggctt

Ctctttgttt

tagcatattt

acggatcccc

cgtegtttta

agcacatccc

ccaacagttyg

tctgtgeggt

atagttaagc

gctccoccggca

gttttcaccy

ataggttaat

tgtgcgecgga

gagacaataa

acatttccgt

cccagaaacyg

catcgaactyg

tccaatgatyg

cgdgcaaygad

accagtcaca

cataaccatg

ggagctaacc

accggagcty

ggcaacaacg

attaatagac

ggctggetgg

tgcagcactyg

tcaggcaact

gcattggtaa

CCLttaattt

ttaacgtgag

ttgagatcct

agcggtggtt

cagcagagcyg

atttaaatat

ttaatacatt

gggaattcat

caacgtcgtg

cctttcgcca

cgcagcctga

atttcacacc

cagcccacgac

tccgcecttaca

tcatcaccga

gtcatgataa

acccecctattte

ccctgataaa

gtcgccctta

ctggtgaaag

gatctcaaca

agcactttta

caactcggtce

gaaaagcatc

agtgataaca

gecttttttge

aatgaagcca

ttgcgcaaac

tggatggagyg

tttattgctg

gggccagatg

atggatgaac

ctgtcagacc

aaaaggatct

ttttegttec

CCCLLLCEgcC

tgtttgccgy

cagataccaa

US 8,004,374 B2

Synthetic
aatttatttt 60
attgataatt 120
cgatatctag 180
actgggaaaa 240
gctggcecgtaa 300
atggcgaatyg 360
gcatatggtg 420
acccgccaac 480
gacaagctgt 540
aacgcgcgag 600
taatggtttc 660
gtttattttt 720
tgcttcaata 780
ttcececttttt 840
taaaagatgc 500
gcggtaagat 960
aagttctgct 1020
gccecgcataca 1080
ttacggatgyg 1140
ctgcggccaa 1200
acaacatggg 1260
taccaaacga 1320
tattaactgyg 1380
cggataaagt 1440
ataaatctgyg 1500
gtaagccctc 1560
gaaatagaca 1620
aagtttactc 1680
aggtgaagat 1740
actgagcgtc 1800
gcgtaatctyg 1860
atcaagagct 1920

atactgtcct

1980
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US 8,004,374 B2

-contilnued
tctagtgtag ccgtagttag gccaccactt caagaactct gtagcaccgce ctacatacct 2040
cgctctgeta atcctgttac cagtggctgce tgccagtggce gataagtegt gtcecttaccegyg 2100
gttggactca agacgatagt taccggataa ggcgcagcgg tcgggctgaa cggggggttc 2160
gtgcacacag cccagcttgg agcgaacgac ctacaccgaa ctgagatacc tacagcegtga 2220
gctatgagaa agcgccacgce ttcececcgaagg dagaaaggceg gacaggtatce cggtaagcegg 2280
cagggtcgga acaggagagc gcacgaggga gcttceccaggg ggaaacgcect ggtatcttta 2340
tagtcctgte gggtttcgec acctcectgact tgagegtcecga tttttgtgat gcectcegtcagyg 2400
ggggcggagce ctatggaaaa acgccagcaa cgcecggcecttt ttacggttcce tggecttttyg 2460
ctggcecctttt gctcacatgt tcectttectgce gttatceccceccect gattcectgtgg ataaccgtat 2520
taccgccttt gagtgagctg ataccgctcecg ccgcagccga acgaccgagce gcagcgagtce 2580
agtgagcgag gaagcggaag agcgcccaat acgcaaaccg cctcectcecceccecg cgegttggece 2640
gattcattaa tgcagctggce acgacaggtt tcecccecgactgg aaagcecgggca gtgagcgcaa 2700
cgcaattaat gtgagttagc tcactcatta ggcaccccag gctttacact ttatgcttcec 2760
ggctcgtatyg ttgtgtggaa ttgtgagcgg ataacaattt cacacaggaa acagctatga 2820
ccatgattac gccatcgaaa aaataatata tcecctcecccatg tagacctceccece ataaaaaact 2880
cagatttcat ttttcaaggt gaatatatga ggcatattca agtatttgat atgaaaaaaa 2940
gtaaaaagtc taagtctcgce taacagcaaa tatgagtttg tttttgecttt gattttaata 3000
aatacaaaat aacaaatatt aaacaaaata gagctgtata ttatgcctaa ccaattaaat 3060
gccatttatt aagcaaaatt atagtgttta aatacaatca tatagttaca aaaatgtttyg 3120
aggttagcta gattttgtct agagtactta atctcacttt ccagataagt ctactttaat 3180
aataatttca ttatattaca aacaaacaaa taattataat ttaaatttta atctgaataa 3240
actcgataaa atggaagcaa aaacttccac ttctaatcct tgattttaat tatactatat 3300
tataaatatg aattgaaaaa tctaatgtat gctttaactt atatagatat ataaatatta 3360
tttcttgtaa ttcttataaa cgattgtttt atatatctaa attattatta cttaatatta 3420
atcataatgt ttgatttctg atgcaaacct taacaaaaat ccaacaaata ttttatttaa 3480
aaacaaatgt atttgttcac ttcatatata tgaaaaaata atagaatttc aatactaaat 3540
taaataccaa gataaaattc ttaaattaat ttttttttta tcagttataa aaatagtgtt 3600
tcatgtaaat aaaattaaaa tatttttaaa atataaattt aatccaatat tactaactaa 3660
atagataaaa atagttaatt ataaatatat taataagcac tttaagtaaa agaatatttt 3720
tcttttattt tatttaaatt aatttaaaaa taaattcaaa aattatataa tggctttaaa 3780
ttttgataat aaataagaaa gaatatttaa aattataatt ttaataaaat gagaacaaac 3840
aaattaaata ttgtaatttc taatttaatt agattttcaa aataaatgag gttggtttat 3900
ttcaatcaat gattaaattt atattaaaga aagaggttgg tttatttcaa tcaaaaatta 3960
aatttatatt aaagaaagag gttggtttat taatattaaa agcgattttc gaaggtaaaa 4020
ttcaacaaca tagtgctgaa ggctagtttt tttgettttt gttgttagtt ttatagcctt 4080
cagcactatg ttgttgaatt ttaccttcga aaataactta aaattgagta ataattgggt 4140
ttaaaattta aatttgagta gataagaatt agatgtttat attctgctaa tttcactggt 4200
Jgaaaatgtag caaatagaaa ttattttaat ctaataaact agcaaatagt atttaaaaca 4260
aaaatatttg ttttttatgt tgtaaaatgt tttaaattag ataaaattta caaatttaca 4320
aattttcaag caaaataggt tctaaaaaat gagaaaatat tacatatttt agctatttga 4380
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US 8,004,374 B2

-contilnued
ctactttaat gctagtaaat taaaatgaat ttaattcatt ttcactttaa aacacttatt 4440
ttaataaaat atatgatttt aaaatgataa aatatttttt aagaggtaaa tttaagaaat 4500
tagttaaatt ttaaagaaaa agcatctaaa aatggacaaa aatgaagtat ttcctttttt 4560
tatacattta aatgctagaa aatttaagta aaacatttat aaataaaagt aaaatagttt 4620
taggaataag agtaaatagt tttttttatg taaaaaacat tttatcaatt tcatttattc 4680
attttagtta aatttttcat tcacaaaaaa cttttttttg gtaaaataaa gactttataa 4740
agataactta aagaaaaagt ttatctagaa ttaaaaatat tgattttgaa aattgctcat 43800
tagatatttt tttggcaaaa aaaaaaacaa aaatagtaaa aaatcacttt ttttgagagt 4860
tgaaaaaaag acttagaaaa aattttaaaa gtgtaaaaaa agacttagag aaaaaatcaa 4920
aaagagataa aaagacttag agaaaattta taaattaaaa atgatagaaa agtaaaattt 4980
attttatatt ttttaatcat ttaaatgcta gtaaatttaa ataaaacata tataaaaaaa 5040
cataaaacaa ttttaacaac atgcgtatat cattttttat atgtaaaaaa cattttatca 5100
atttcattta ttcattttag ttaaatttta cattcaaaat aaattttttt tgattaaata 5160
aagagttata aagagaactt aaagaaaaag tttatctaga attaaaaata ttgattttga 5220
aaattgctca ttagaaattt ttttggcaaa aaaaaaaaca aaaatagtaa accttccgaa 5280
cttttgcaac ttttgagact tcgtgaaaaa agacttagaa aaatttttga aaaatgaaaa 5340
aaaaagactt agagaaaaaa atcaaaaaagd tgaaaaaaga cttagaaaaa ttttttaaaa 5400
tgaaaaaatg atttaggaga aattttgaga ttgcgcttag attttgtgtg aagtcactta 5460
caaaaaatga gcggactcgce tcaaatattt aagtggactc gcataaaaat gagtggagtc 5520
actaaaaaag ttaagtgaac tcacttaaaa atgagtggag ccactcaaaa aattaagcgyg 5580
actcgcttaa tattcgcgga gttaaacaaa aataagtgga ctcacagaaa aattaagcgyg 5640
attgcgctaa aaaatgagtg gactcactca aaaatgaagc agactcecgcectt aaaaatgagt 5700
ggagccactc aaaaagttca gcagagccac ttaaaaattt agcttaaaat cagctctaaa 5760
ttaaattaga cttagtgaaa aatagcgaaa atgaaaaaaa tgaaaaaatg aatgaaaact 5820
gaaaaattta caagggattg aaaattttgg cagagtcttt tttttggcaa aaaaaaaaac 5880
aaaaatagta aaccttccga acttttttga ctttgagaaa aattctttgg caaaaaaaat 5940
aaaaataata tcaggggggdt aaaaatgcat atttaagaag gggaaacatc tccggatcaa 6000
aaataaaata tcagctcgat ttgagcttca gtaagatttc cttttgggca accaaggata 6060
acgataatga agcgctaact gagcagacgt ttttctctat ggcttceggct tttagtcgat 6120
ggccgcectgag ggtcectgttga aggtttttcet ggattaaggc tcecgtattaga gcaaatggcec 6180
tgactgaaat tttcatgaag gctgtaaatt cactgcaaag cttcgcagaa acttttccca 6240
gtgacacttg ttgtatcgat atctatgcag atattgttac aaataacgca acacgctagt 6300
actgttataa atcggtgaaa tcgcagatgt tattaacagc tagcaacaaa gttgactaga 6360
gtcgaagaga tgcgatagag ttttctcatt gtgceccttcecga agattttage aactagaaga 6420
aactaatagt aaacgaaacg atgcgggatc tatgtataaa gcttaatcta acgatatagc 6480
tgagtactga tctattacaa cgcgtcagtt ctcgatgaac tattaatctt ttgtgaacca 6540
accttttgga acactattca aaaaatgagc aagctgttgg aagatgcaaa tcggaaaata 6600
gcgagcaaat tttgaggata gtaacctggt tgatcctgcce agttacatat gcecttgtcetta 6660
aatattaacc catgcatgtg ccagttcagt attgaacagc gaaactgcga atggctcatt 6720
aaaacagtta tagtttattt gataattaaa gattacatgg ataaccgagc taattgttgg 6780
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gctaatacat

caatcgcagc

ataaatcatc

cagtcacggy

ctacaactac

gacaagaaat

aatctcttag

agctccaata

caggttcatt

tcactggttc

ggttttagcc

ttcettggatt

ggtgaaattc

tcattaatca

ctataaacta

aatcaaagtc

gacggaacag

cacgagcgca

ggtggtgcat

cgagacctta

ctattgtgca

gtgctcggcc

gtacgggtaa

tgaacgagga

ttgtacacac

cagcaatgtt

aggtatctgt

gtactttcga

aaaatttttc

gtggatatct

ttgcagaacc

tgtttgtttc

tctctegtta

cagtaatgtyg

aattacattt

cagtaagcgy

aaagctcaaa

cctgaaacta

ccgtagtcegy

tgcagccecta

gcttaaaatt

aatgtgattyg

taagtttctg

taacggagaa

ggttcggcayg
agcaagctygg
cgaggaacaa
gcgtatatta
tcgattcecgtce
gacttaggga
cgaatacatt
tggtaatgat
ttggatttat
agaacgaaag
taccgactcg
tttgggttct
cacaccagaa
agacagagaa
ggccgttett
acctgctaac
ataagccaat
gcacgcgcegt
tcttattaat
atttctagta
cgcccegtegce
gcggaaaaat
aggtgaacct
agagaacttc
atatgtctaa
aggttcccgt
gcgagtcatce
agtgtggaaa
aacgtgatgg
aacattcgtt
ttctcactac
aggaaaagaa
gtgaaaatct

agctcecctcetce

agaggaaggc

agtgggagat
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ccgtgtectyg
agatgaatca
ccctatcagce
ttagggttcy

cagggaagaa

gaaacttacg
ttggagggca
aagttgttgc
gtgtgaaact
gtaaacattt
agcatggaat
taatagggac
taaggactaa

ttaggggatc

ggatcggctyg
gggggaagta
gtggaacctyg
gggattgaca
agttggtgga
tagtctgett
ggaagtttaa
tacaatgact
accagtcgtg
agtgcaagtc
ttgtagtaac
aagtaaaccc
gcagatggat
ggttttctte
gatctggata
gacgatgaag
agatctttga
ggaatcacgc
gtggtcgagce
caggcatcaa
acctgaaaca
actaactagg
gaagtggtca
ataagttcct
tggtgtaagyg

aaacttcttc

cgaccggaac

aagtaactga

tctcgatggt

attccggaga

aattggccaa

tttctacggc

agtcatggty

agttaaaaag

ggacatacgt

tactgtgaaa

aatggaatag

agttgggggc

ctaatgcgaa

aaagacgatc

gaataaatgt

tggtacgcaa

cggcttaatt

gattgagagc

gtgatttgte

gtaaataaca

ggcaataaca

ggcgcaaaaa

ttagggatag

atcagcttgc

gaatggtctyg

taccatttgyg

cattaacaca

gaggttttat

acatccaaaa

aacgcagcga

acgcaagtygy

atcttaatgc

aatcgccgcec

ggcgaatgct

agcaagatta

atagccccag

acadcadadcadda

tgggacagga

gagatttcaa

taaagctaaa

US 8,004,374 B2

-continued

gtatttatta

tcggatcgag

agtgtattgg

aggagcctga

tcctaattca

attgaaatga

ccagcagcecyg

ctcgtagttyg

ttgcaaacta

aaattagagt

gactaagtcc

attagtattt

agcatttgcc

agataccgtc

ccagtcggca

gtctgaaact

tgactcaaca

tctttettga

tggttaattc

ggttgtactt

ggtctgtgat

gtatttcetg

ttctttggaa

gttgattatg

gtgaaccttc

daacaacaaga

attaacaaac

tgtcacacct

cgaaaagaaa

aatgcgatac

tggaggtgta

gattgaagcc

agaacgaagt

cactatgcta

ccecgcetgaac

taatggcgaa

attgtaatct

cgtcaaagag

agagtcgggt

tatacacggyg

gatattagac

gtttacctcyg

actaccatgg

gaaacggcta

gggagccagt

gaacagtgta

cggtaattec

aacttctgtt

aaatcggcct

gttccaggca

attttattgg

aatagtcaga

aaagatgttt

gtagtcttaa

ccgtatgaga

taaaggaatt

cggggaaact

ttetttgggt

cgttaacgaa

cttagaggga

gcccecctagac

tcctgggaag

ttgtggatct

tcccectgecgt

tggactgcga

agtcgtaaca

cttaacttat

agtgtgaata

actttcaacg

gcaatgcgaa

aaaaccttca

gtcaaaagct

agtcacattc

ctcatagaaa

ttaagcatat

tgaacaggct

aaagggtcaa

ggtgacaacc

tgtttggaat

agaccgatag

6840

6900

6960

7020

7080

7140

7200

7260

7320

7380

7440

7500

7560

7620

7680

7740

7800

7860

7920

7980

8040

8100

8160

8220

8280

8340

8400

8460

8520

8580

8640

8700

8760

8820

8880

8940

5000

5060

5120

5180

50



cgaacaagta

aaccgttgag

ctaatcactg

ctacaccggt

aatgcagatc

aatggcttct

atagggtgga

agcagcatca

cccgaaagat

tcgtagcecgat

tcgaaccatc

gcagttttat

attctcaaac

acgcagtgcet

taacgttgag

atacggacag

cacctgccga

accatcagayg

ctggcgtgag

aaatgagaac

ggttactcga

ttgtcaaaag

aagaaacccyg

tatggccatyg

cctaagagcet

acgccagttc

aacaatgtag

ctgaggatcyg

atgctgatag

taacgatcaa

cattgtgacy

caaagtgacyg

tagcaatatt

aaccaataga

agccecgttcag

taagctgacy

gatatggatg

tatagtcgga

tgggaactaa

aaatgcctcyg

ctgcgaagga
aaggaagctyg
cagagtcgat
cagaagacaa
aaaaggaaaa
actgacccgt
aaaacccgtc
ccegecttga
ggtgaactac
actgacgtgc
tagtagctgy
taggtaaagc
tttaaattgg
cttgagttgy
ataaggcgcc
caggacggty
atgaactagc
caaatgcgag
cctatatgga
tttgaagacc
tcctaagaca
ggaatgaggt
gaaacgtcag
aaattggatt
gtcagttgcyg
gtacccataa
ataagggaag
ggtataaagg
acttgcgaac
ctcagaactyg
gcctcaacag
caattcaacc
tacctttgga
ttgcatcggt
taccaagtct
gacatggtcc
cagttcacag
cctectectta
tttgtatgcg

tcatctaatt
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aagatgaaaa
tagaagagca
acgtaaaagg
aatgggttca
cttcaaactyg
cttgaaacac
cgcgaaacga
gtctceccgcecga
gcttgaatag
aaatcgttcg
ttcccectecga
gaatgattga
taagagccgc
gccattttty
caaatgcacg
gctatggaag
cctgaaaatg
gctttgatga
gcagcgatta
gaagtggaga
taggttaact
taatattcct
caggtgtcac
atccagagat
cgcctgatga
ccgcatcagg
tcggcaaatt
ctttgtaatg
gatgaatttyg
aagcggacaa
gtgatgacac
aagcgcgggt
gggaaaagtt
ttaaaaggca
caggggaaac
taaccacgca
actaaatgtc

atgggagcta

aaagtatatt

agtgacgcgc

gaactttgaa

ataaactgga

tcgatgagta

gattgaagga

gactgagggyg

ggaccaagga

aagtgagtac

agggttcgag

ggtgaagcca

tcaaatttga

agtttcetetc

aggactcggg

ggagtttact

gtaagcagaa

ctcatcagat

ttagaatccy

aatggcgcty

gtaggagggce

gtgagatctt

agggttccat

ccttgcaata

caagctggac

tggaagagtt

atcggctgta

cccttgaaaa

tctccaaggt

ggatccgtaa

atatccaagc

caaggtaggt

aggtaatccyg

aatgtgattt

ddadcqdyCcyddy

atcaggcatyg

agaccgtcaa

tttgagatgyg

gccaagtcct

ggtcggggaa

gcggatgaag

gattagtttt

atgaatggat
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-continued

aagagggcta

cggcgcataa

aggaaatggt

gtcacctgayg

cctaagggcyg

gtctatcaat

aaggtgccaa

gaagagctta

ggggaaactc

gtgtaggggc

aggatagcaa

agtcctaaga

taaatgaact

ctggcgatga

accacdaadayg

ctaaggagtg

aagcgtgttg

gtgatcgtty

ggtggtagta

gagaacagca

caagaagaca

gtggtatagg

atcttttctt

tgtatggcag

tctgggggag

tagcagcctce

cttcgggata

ttgtttgtta

ttcggecegte

actgtttaat

ctgcccagtyg

agtaactatg

cacctggtag

attgcgggaa

ccttgcaaag

aagtcaacag

gatgtattct

tgatgcaaca

ggagtactcyg

taatgagatt

aaagacttga

gggggaagta

acagaacttg

atcgggcagce

attttgtcaa

taagcgagtg

gccgcaaggt

attgttagga

tggtggaagc

gaaagactaa

gagcaagtac

acttcgacct

ctcgggaaga

gggatgaacc

gtgttggttc

tgtaacaact

ccgatactca

cctagaagta

gcaaatattc

attgttcatg

ttegtttteg

cggtaacgca

Cttaacatac

agcagctcac

acataatttc

tggtccatag

aggattggct

gtgtggcaac

Cttatacaat

dddadc4aday

ctctgaatgt

actctctaaa

ctagtcttta

aggggtcaac

ggtatggtaa

atcttetgtt

tctcataaga

ctggagccgc

taaggtagcc

accactgtcc

5240

5300

9360

9420

5480

9540

9600

9660

9720

9780

5840

5900

9960

10020

10080

10140

10200

10260

10320

10380

10440

10500

10560

10620

10680

10740

10800

10860

10220

10980

11040

11100

11160

11220

11280

11340

11400

11460

11520

11580
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ctatctacta tctagcgaac ccacagctaa gggaacgggce ttagaataat cagceggggaa 11640
agaagaccct gttgagcecttg actctagtct aactttgtga aatggcacgt ggggtatage 11700
ctaggtggga gagcaatcga tcctgtaaaa ccactaccca cgtagtcatt ttgcecttattt 11760
cgtgaagaaa agactggtgc aaaccagttc taagattaag gtcatttatt gactgatttt 11820
gcgaagacat ggttaggggg ggagtttgtc tggggcggaa tgcctgttaa accataacge 11880
aggcgtccta agtgtagctce agtgagaacg gaaatctcac gtagaacaaa agggdgtaaaag 11940
ctacattgat tttgattttc agtaggaata caaaccgcga aagcgtggcec tatcgatcect 12000
ttaactttac aagttttaag ctagaggtgt cagaaaagtt accacaggga taactggett 12060
gtggcagcca agagttcata tcgacgttge tttttgatcc ttcecgatgtcg gectcecttecta 12120
tcattgtgaa gcagaattca caacggtgtc ggattgttca cccgctaata gggaacgtga 12180
gectgggcetta gaccgtegtyg agacaggtta gttttacccect actgatgaaa cgatgttgeg 12240
acagtaattt aagttagtac gagaggaaca cttaaatcag ataattggta aatacggttg 12300
tctgaaaaga caatgccgtyg aagctaccat ctgttggatt atgactgaag gcctctaagt 12360
cagaatccat gctggaaagc aatgtctaag tgtgatgata aacgaaaaaa aataaaaatt 12420
aagttcgaaa ggtagagcgg Jdgaagagcda aaaagcttga ccttaactgce taatcgtatt 12480
ccaaattatc atctacgtaa atcttttgta gacgacttaa catggaacgg gtattgtaag 12540
catgagagta gaatttctac gatctgctga gattcagccce gtctceccecttag atttatctca 12600
tctcecttta ttttttactt ctgctggggt tgttaacctce tttaagaaat tttttatgtt 12660
ttgatttgtt taatttaatt ttgtttaact ttagtaaatt tttttceccttt tttcactcac 12720
tgggttatta aatacttaga gattttacat tttatcaaat aatttatgaa ctcattaaaa 12780
caaaacaaaa caaagttaaa aaaaactcaa tagatttgct aataagatgc aaagcagcta 12840
tgaggcaatt tttctcattt ggaaagctta agcttctaga gatcttccat acctaccagt 12900
tctcegectyg cagcaatggce aacaacgttg ceccggatccecg cggcecgcegga attctcatgt 12960
ttgacagctt atcatcgatc aatcaactgc ttataaataa attataaatc aatattaaaa 13020
atgttaaagt tttatgttat ttgttagtaa aaaaattgaa tagttgtgtt taagctgata 13080
taagtcttta tgcatgatat gttaaaagtt acgcttaaaa ttatgctttt tacgcagaat 13140
gagcttagct aaattttttc tcaaagtaaa ttttttttaa tgcaaaatga atgaaaaaat 13200
tttagtattt tataaaaatt cttcattcaa attttaccca cttatcaatt tatttttttt 13260
tgtgactaaa gcagtcccag agcecctttcecte taaaagttga attttattaa caatgccact 13320
tttatagaaa attttgcatg gatttcctgg ggctceccaatyg gaaaaattgce gaaagtggat 13380
ttgaatgaaa aagtgaatgt aaaaattaaa gtaaaatttt gctttataaa atgaatgaaa 13440
atttaaaaca agcaaaatga atgaaaaaat ctttgcattt taacaaaatt tttcattcaa 13500
aatttcaccc acttatcaat actttttttt ctceccagceccgt caaagaccta tattgtttte 13560
ctaaaagttg acttttatta agaaacaaaa tgaatgaaaa aatctttgta ttttaacaaa 13620
atttttcatt caaaatttca cccacttatc aatatatttt ttttaagtcc tgcecctgcagg 13680
ctaatattct ttcctaaaag ttgactttta ttaagaagca aaatgaatga aaaaatcttt 13740
gtattttaac caaatttttc attcaaaatt tcacccactt atcaatattt tttttgggac 13800
caaaccaaaa gacctaaaga tttgatttaa aaagttgact tttttcaaga aaaccacttt 13860
attagataaa tctctttttt accatggctt gtccaatgaa taatttgcta aagtggattt 13920
gaataaaaat ttttttgcgt gtaaaaatgc gctaaactac gcttagattt taactttatc 13980
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ccactttaat
caaaaatttc
atgagatttg
tttagataaa
ttataacaaa
aaaactacaa
ctagcttagt
caaaatatta
aaagtattac
<210>

<211>
<212>

ttcaagcgta

actaaaattt

cattatttaa

atttattaat

aaacccttcet

aaaataaaat

catttttgag

tagaatttaa

atcaataaat

SEQ ID NO 2
LENGTH: 15
TYPE :

DNA

3

aaaataaaaa
aattcaataa
ggcttataag
catcattaat
aaaagtttat
Ctttaattaa
atttaattaa
acattttaac

aacttttact

«<213> ORGANISM: Unknown

<220>

FEATURE:
«223> OTHER INFORMATION:

seduelice

<400>

taaaccaacc

<210>
<211>
<212>

SEQUENCE: 2

CCLttt

SEQ ID NO 3
LENGTH: 15
TYPE: DNA

<«213> ORGANISM: Unknown

<220>

FEATURE:
«223> OTHER INFORMATION:

sedquerlice

<400> SEQUENCE: 3

taaaccaacc

<210>
<211>
<212>

tcatt

SEQ ID NO 4
LENGTH: 28
TYPE: DNA

tcccacacaa

atatgtaaaa

aaattttaaa

ttcttgaaaa

ttttgaatga

aataattttg

tattttatgt

atcttaatca

caatgtcaaa

Description of Unknown:

Description of Unknown:

<213> ORGANISM: Artificial Sequence

<220>

FEATURE:
<223> OTHER INFORMATION: Description of Artificial Sequence:

primer

<400> SEQUENCE: 4

ttaggtacca ccaaaccadadd agacctaa

<210>
<211>
<212 >

SEQ ID NO 5
LENGTH: 37
TYPE: DNA

<213> ORGANISM: Artificial Sequence

220>

FEATURE:
<223> OTHER INFORMATION: Description of Artificial Sequence:

primer

<400> SEQUENCE: 5

ttaggtacct attttcacta agtctaattt aatttag

<210>
<211>
<212 >

SEQ ID NO 6
LENGTH: 36

TYPE: DNA

<213> ORGANISM: Artificial Sequence

220>

FEATURE:
<223> OTHER INFORMATION: Description of Artificial Sequence:

primer

US 8,004,374 B2

-continued
aaattaagtg gaaattgatg 14040
atggtttatc tctataattt 14100
tttaacgcgg aagcttcatt 14160
acattttatt tattgatctt 14220
aaaacttata aaaatttatg 14280
ataagaactt caatctttga 14340
ttattcatat ataaactatt 14400
ttgataaata accaaaaatc 14460
Jgaaattattg ggg 14513

Chromosome breakage

15

Chromosome breakage

15

Synthetic

28

Synthetic

37

Synthetic

56



US 8,004,374 B2

S7

-continued

<400> SEQUENCE: 6

ttaggtacca tcttcaaagt atggattaat tatttce

<210> SEQ ID NO 7

<211l> LENGTH: 30

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 7

ttaggtaccce tgcatttttce cagtaaaaat

<210> SEQ ID NO 8

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

223> OTHER INFORMATION: Desgcription of Artificial Sequence:

primer
<400> SEQUENCE: 8

atgaagcaga ctcgcttaaa aatg

<210> SEQ ID NO 9

<211l> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: ©

atttttgcat caatttccac tta

<210> SEQ ID NO 10

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 10

ttccgttaac gaacgagacce t

<210> SEQ ID NO 11

<211> LENGTH: 395

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 11

agataccttg ttacgacttc ttgttgttcc aaatggtag

<210> SEQ ID NO 12

<211> LENGTH: 24

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence

«220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer

<400> SEQUENCE: 12

36

Synthetic

30

Synthetic

24

Synthetic

23

Synthetic

21

Synthetic

39

Synthetic
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-continued

cttgaataca atcatgagtt cacc 24

<210> SEQ ID NO 13

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
primer

<400> SEQUENCE: 13

gcaattatga attacaacat caaca 25

<210> SEQ ID NO 14

<211l> LENGTH: 65

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:
223> OTHER INFORMATION: Desgcription of Artificial Sequence: Synthetic
oligonucleotide

<400> SEQUENCE: 14

ataagtaaac cctaccattt ggaacaacaa aaagtcgtaa caaggtatct gtaggtgaac 60

ctgca 65

<210> SEQ ID NO 15

<211l> LENGTH: 65

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:
223> OTHER INFORMATION: Desgcription of Artificial Sequence: Synthetic
oligonucleotide

<400> SEQUENCE: 15

ataagtaaac cctaccattt ggaacaacaa gaagtcgtaa caaggtatct gtaggtgaac 60

ctgca 65

<210> SEQ ID NO 16

<211> LENGTH: 65

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

223> OTHER INFORMATION: Desgcription of Artificial Sequence: Synthetic
consensus sequence

<400> SEQUENCE: 16
ataagtaaac cctaccattt ggaacaacaa raagtcgtaa caaggtatct gtaggtgaac 60

ctgca 65

<210> SEQ ID NO 17

<211> LENGTH: 39

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic

primer
<400> SEQUENCE: 17

ctaccatttg gaacaacaag aagtcgtaac aaggtatct 39

<210> SEQ ID NO 18

<211l> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
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61

62

-continued

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer

<400> SEQUENCE: 18

gactccttca atctgaaccc a

What 1s claimed 1s:

1. A nucleic acid construct comprising:

a) a selection cassette encoding a resistance marker,

b) a transgene cassette encoding a recombinant polypep-

tide, and

c) a C3 allele rDNA locus comprising a 17S rDNA gene

that does not confer paromomycin resistance to a ciliate
transformed with the nucleic acid construct.

2. The nucleic acid construct of claim 1, wherein the con-
struct 1s a linear DNA or RNA.

3. The nucleic construct of claim 1, wherein the construct 1s
a circular DNA or RNA.

4. The nucleic acid construct of claim 1, wherein the con-
struct 1s a vector, a plasmid, a cosmid, a chromosome or
minichromosome, a transposon, anrDNA or any combination
thereol.

5. The nucleic acid construct of claim 4, wherein the vector
1s an rDINA vector.

6. The nucleic acid construct of claim 1, wherein the selec-
tion cassette does not confer paromomycin resistance to a
ciliate transformed with the nucleic acid construct.

7. The nucleic acid construct of claim 1, wherein the 17S
rDNA gene 1s a B allele 17S rRNA.

8. A method for producing a recombinant polypeptide 1n a
ciliate, the method comprising:

a) transforming the ciliate with the vector of claim 1,

b) culturing the ciliate and expressing the recombinant

polypeptide, and

¢) 1solating the recombinant polypeptide.

9. A genetically modified ciliate comprising a nucleic acid
construct comprising:

(a) a selection cassette encoding a resistance marker,

(b) a transgene cassette encoding a recombinant polypep-

tide, and

(c) a C3 allele rDNA locus comprising a 175 rDNA gene

that does not confer paromomycin resistance to a ciliate
transformed with the nucleic acid construct.

10. The genetically modified ciliate of claim 9, wherein the
ciliate comprises a modification of a micronuclear rDNA
locus nucleotide sequence.

11. The genetically modified ciliate of claim 10, wherein
the modification of the micronuclear rDNA locus nucleotide
sequence results 1n the formation of a non-functional rDNA
chromosome after sexual conjugation of the ciliate.

12. The genetically modified ciliate of claim 10, wherein
the ciliate has a conditionally conjugation-lethal phenotype.

13. The genetically modified ciliate of claim 10, wherein
the modification of the micronuclear rDNA locus nucleotide
sequence 1s amodification of an rDNA gene selected from the
group comprising 5.8S, 17S and 26S.

14. The genetically modified ciliate of claim 10, wherein
the modification 1s selected from the group consisting of: a
deletion, an 1nsertion, a substitution or an iversion.

10

15

20

25

30

35

40

45

50

55

60

Synthetic

21

15. The genetically modified ciliate of claim 9, wherein the
ciliate comprises one or more non-functional rDNA genes
selected from the group consisting of a non-functional 5.8S
rRNA gene, a non-functional 17S rRNA gene, and a non-
functional 26S rRINA gene.

16. The genetically modified ciliate of claim 9, wherein the
nucleic acid construct 1s an rDNA vector.

17. The genetically modified ciliate of claim 16, wherein
the rDNA vector 1s an rDNA rescue vector.

18. The genetically modified ciliate of claim 9, wherein the
nucleic acid construct 1s present episomally 1n the ciliate.

19. The genetically modified ciliate of claim 9, wherein the
nucleic acid construct i1s integrated in the micronuclear
genome of the ciliate.

20. The genetically modified ciliate of claim 9, wherein the
nucleic acid construct 1s integrated in the macronuclear
genome of the ciliate.

21. The genetically modified ciliate of claim 9, wherein the
nucleic acid construct 1s self-replicating.

22. The genetically modified ciliate of claim 9, wherein the
ciliate 1s a Tetrahymena species.

23. The genetically modified ciliate of claim 22, wherein
the Tetrahymena species 1s Ietrahyvmena thermophila.

24. The genetically modified ciliate of claim 9, wherein the
selection cassette encoding a resistance marker, the transgene
cassette encoding a recombinant polypeptide, and the C3
allele rDNA locus comprising a 17S rDNA gene that does not
confer paromomycin resistance of the nucleic acid construct
are bounded by a 3" and a 3' Chromosome Breakage
Sequence.

25. The genetically modified cihate of claim 24, wherein
macronuclear reorganization in the ciliate results 1n the for-
mation ol a macronuclear minichromosome capable of
expressing the resistance marker and the recombinant
polypeptide.

26. A method for producing a recombinant polypeptide 1n
a ciliate, the method comprising:

a) causing the ciliate to undergo sexual reproduction by

conjugation;

b) transforming a genetically modified ciliate with a

nucleic acid construct comprising;:

(1) a selection cassette encoding a resistance marker,

(11) a transgene cassette encoding a recombinant
polypeptide, and

(11)a C3 allelerDNA locus comprising a 17SrDNA gene

that does not confer paromomycin resistance to a
ciliate transformed with the nucleic acid construct,

¢) culturing the genetically modified ciliate to produce the
recombinant polypeptide; and
d) 1solating the recombinant polypeptide.
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